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Results  of  the  work  on  Contract  NOOOl 4-91 -J- 1656,  R&T  Code  413h007— 05. 
are  reported  in  the  enclosed  20  papers.  These  include  summaries  in  three 
invited  articles  "Electrical  Wiring  of  Redox  Enzymes"  (Accounts  of  Chemical 
Research,  1990,  23,  128-134),  "Electrical  Connection  of  Enzyme  Redox 
Centers  to  Electrodes",  (J.Phys.Chem.  1992,  96.  3579-3587),  and  "Electron 
Conducting  Adducts  of  Water  Soluble  Redox  Polyelectrolytes  and  Enzymes, 
Katakis,  I.,  Vreeke,  M.,  Ye,  L.,  Aoki,  A.  and  Heller,  A.  ("Advances  in 
Molecular  &  Cell  Biology",  Bengt  Danielsson  (Ed.)  JAI  Press  Inc.,  (1993)). 

The  key  results  were  the  following; 

•  Enzymes  made  of  electrically  insulating  proteins  were  made 
electron  conducting  through  incorporation  of  electron  relaying 
redox  centers.  The  redox  centers  were  covalently  bound  to 
amino  acids  of  proteins,  particularly  to  lysine  amines,  or  to 
peripheral  oligosaccharides  of  glycoproteins,  of  enzymes.  When 
peripherally  bound,  the  redox  functions  were  attached  to  the  ends 
of  flexible  spacer  chains,  that  were  long  enough  to  allow  deep 
penetration  of  the  redox  functions  into  the  protein  shell.3 

•  Reaction  centers  of  enzymes  were  electrically  "wired",  i.e. 
electrically  connected,  through  redox  macromolecules  to 
electrodes. Wiring  was  effective  when  the  redox 
macromolecules  were  water  soluble  and  formed  electrostatic 
adducts  with  the  enzymes.'*’ The  adducts  of  enzymes  and 
polymers  were  crosslinked  with  water  soluble  crosslinkers,  to 
form  electron  conducting  hydrogels.  Electrons  from  reaction 
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-  centers  of  enzymes  were  routed  via  polymer  skeletons  of  these 

hydrogels  to  electrodes.  Because  water  soluble  substrates  and 
products  of  the  enzyme  permeated  rapidly  through  the  hydrogel, 
the  turnover  of  the  gel-bound  enzymes  was  not  limited  by 
diffusion  of  substrates  or  products  into  or  from  the  gel.  When 
the  electron  transfer  from  the  enzyme  to  the  redox  polymer  was 
sufficiently  rapid  and  when  the  hydrogels'  electron  diffusion 
coefficients  approached  -lO'^cm^  sec ^  substrates  were 
electrooxidized  and  electro  reduced  at  high  rates.^-^^  The  current 
densities  on  semi-infinite  planar  electrodes  reached  2mA/cm2. 
For  7jim  carbon  fiber  microelectrodes,  where  the  electron 
diffusion  through  the  polymer  was  radial,  the  current  densities 
reached  10mA/cm2.l2,13 

•  The  wired  enzyme  electrodes  efficiently  transduced  fluxes  of 
biochemicals  into  electrical  currents.  Based  on  such  transduction, 
biosensors  for  a  wide  range  of  biochemicals  and  hydrogen 
peroxide  were  built.  FAD,  FMN,1'^-15  heme^^  and  PQQ^O 
enzymes  were  directly  electrically  connected  to  electrodes.  The 
turnover  of  NADH  and  NADPH  dependent  enzymes  was  observed 
through  translation  of  NADH  and  NADPH  fluxes  to  hydrogen 
peroxide  through  their  homogeneous,  n-methylphenazonium, 
catalyzed  reaction  with  dissolved  molecular  oxygen.  The 
hydrogen  peroxide  formed  was  detected  through  its 
electrocatalytic  reduction  to  water  with  wired  horseradish 
peroxidase. 
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The  current  densities  of  the  hydrogel-wired  enzyme  electrodes 
depended  on  the  electron  diffusion  coefficients  in  the  hydrogels. 
High  electron  diffusion  coefficients  were  observed  when  chain 
segments  of  the  crosslinked  redox  polymer  in  the  gel  were  fluid, 
i.e.  mobile.  Fluidity  of  the  chain  segments  led  to  electron 
transferring  collisions  between  the  segments.  Such  collisions 
shorted  the  otherwise  tortuous  route  of  electrons  through 
backbones  of  folded  polymer  chains.  The  electron  diffusion 
coefficients  depended  on  the  charge  of  the  redox  polymers,  on  the 
ionic  strength  of  the  solutions  and  on  the  degree  of  crosslinking 
of  the  polymers.  High  charge  density  of  the  redox  polymer  and 
low  ionic  strength  led  to  stretched  redox  polymer  segments  that, 
when  colliding,  effectively  transferred  electrons.  Screening  of 
the  charge  by  counterions  caused  random  folding  of  the  stretched 
polymer  segments  and  reduced  the  frequency  of  electron 
transferring  collisions  between  chain  segments  of  neighboring 
polymer  molecules.  Excessive  crosslinking  immobilized  the 
segments  and  reduced  the  electron  diffusion  coefficients. 

Sequential  reactions  of  multiple  enzymes  were  coupled  within 
individual  hydrogel  layers  and  also  between  different  layers  of 
hydrogels.  Thus,  using  hydrogels  made  with  both  an  enzyme 
hydrolyzing  a  substrate  to  an  electrooxidizable  product,  and  the 
product  electrooxidation  catalyzing  enzyme,  the  turnover  of 
hydrolytic  enzymes  was  transduced  to  an  electrical  current. 
Hydrolytic  reactions  were  also  carried  out  in  overcoatings  of 
wired  enzyme  layers  in  bilayer  gels.  In  reaction  sequences 
involving  three  sequential  enzyme-catalyzed  reactions  in  gels. 
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.  fluxes  of  biochemicals  were  still  efficiently  transduced  into 

electrical  currents,  proving  that  in  gels  the  coupling  of  reactions 
can  be  efficient, 

•  The  selectivity  of  the  wired  enzyme  electrodes  was  enhanced 
through  use  of  redox  polymers  that  were  tailored  to  have  redox 
potentials  within  the  narrow  window  where  oxygen  was  not 
electroreduced  and  common  interferants  were  not 
electrooxidized.19  Electrooxidizable  interferant-produced 
currents  were  eliminated  through  enzymatic  oxidation  of  the 
ensemble  of  common  interferants  by  hydrogen  peroxide  in  a  non- 
wired  peroxidase  containing  layer.  Hydrogen  peroxide  was 
produced  within  the  peroxidase  containing  layer  through 
enzymatic  reaction  of  glucose  (or  lactate)  with  dissolved 

oxygen.20 

Industrial  Activity: 

The  wired  enzyme  transducers  proved  to  be  of  industrial  interest.  A  venture 
has  acquired  the  wired  enzyme  technology  from  the  University  of  Texas,  is 
developing  enzyme  microelectrodes  and  is  marketing  the  technology.  A  one 
year  option  has  been  acquired  by  a  major  producer  of  biosensors.  Three 
additional  companies  had  wired  enzyme  biosensor  projects  in  the  reporting 
period. 
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-  Patents: 


A  patent  application  entitled  "Biosensors  Based  on  Chemically  Modified 
Enzymes"  has  been  filed. 
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Biochemical  tluxes  were  transduced  to  electncal  currents  through  catalytic  centers 
of  oxidoreductases.~that  were  electricaiiy  connected  to  electrodes  with  crosslinked 
hydrogel  forming  redox  polymers.  The  enzymes  were  covalently  bound  to  the 
hydrogels  through  which  the  electrons  diffuse.  The  electron  diffusion 
coefficients,  reaching  lO"®  cm^sec'^  in  the  redox  polymer  gels,  were  high  enough 
to  allow  efficient  collection  of  the  electrons  transferred  during  the 
electrooxidation  or  electroreduction  of  substrates.  The  adequate  electron  diffusion 
through  the  polymer  skeleton  of  the  hydrogel  and  the  rapid  diffusion  of  water- 
soluble  substrates  and  products  m  the  gels  led  to  high  current  density  enzyme 
electrodes.  These  included  electrodes  with  electrically  connected  flavoenzymes 
(e.g.  sarcosine.  glutamate,  lactate  and  glucose  oxidases),  quinoprotein  enzymes 
(e.g.  PQQ  glucose  dehydrogenase)  and  heme  enzymes  (e.g.  peroxidases).  The 
peroxidase  electrodes  were  useful  in  the  sensing  of  NAD(P)H,  that  reacted  with 
oxygen  in  the  presence  of  N-mohyl  phenazonium  salts  to  form  NAD(P)'*’  and 
H2O2. 
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1.  Introduction  and  Scope 
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In  this  charter,  dedicated  to  Klaus  Mosbach  on  his  bOth  birthday,  we  consider  the 
non-diffusional  relaying  of  electrons  between  redox  enzymes  and  electrodes  through 
hydrogels,  built  with  crosslinked  polymer  networks.  As  will  be  se«i,  even  though  these 
gels  contain  predominantly  water,  their  3-dimensional  redox-polymer  network,  to  which 
the  enzymes  are  covalently  bound,  conducts  electrons.  Electrochemical  biosensOTS.  such 
as  amperometric  biosensors  based  on  such  gels  have  some  rather  unique  properties.  On 
the  one  side,  water  soluble  substrates  and  products  permeate  through  the  hydrogels.  On 
the  other,  electrons,  originating  in  an  oxidizable  substrate,  or  delivered  to  a  reducible 
iubstraie.  diffuse  through  the  network.  Because  the  electrons  are  efficiently  collected  or 
delivered  and  because  the  diffusion  of  water  soluble  molecules  through  the  gel  does  not 
differ  excessively  from  that  through  a  plain  aqueous  solution,  the  current  densities 
flowing  through  hydrogel-coated  electrodes  are  high.  The  high  current  densities  translate 
to  substantial  sensitivities  in  the  transduction  of  the  flux  of  biochemicals  to  electrical 
currents  (I).  The  group  of  enzymes  that  has  been  electrically  connected  through  electron¬ 
conducting  hydrogels  to  electrodes  includes  now  flavoenzymes  (2-6).  quinoprotein 
(pyrroloquinoline,  PQQ)  enzymes  (7),  and  heme  peroxidases  (8).  As  will  be  seen,  the 
hydrogels  also  allow  transduction  of  NAD(P)H  fluxes,  after  translation  to  hydrogen 
peroxide  fluxes,  to  electrical  currents  (8).  We  shall  review  the  electron  diffusion  in  redox- 
polymer  skeleton  based  hydrogels  (9),  then  discuss  the  electrical  connection  of 
flavoenzymes  (2-6),  heme  enzymes  (8),  PQQ-enzymes  (7)  via  these  hydrogels  to 
electrodes. 


2,  Electron  DifTuatMi  in  Redox  Hydrogels. 

Cross-linked  redox  polymer  films  in  which  redox  enzymes  are  immobilized  relay 
electrons  between  oxidoreductases  such  as  glucose  oxidase  and  electrodes.  An  effective 
electron  relaying  polymer  is  polyfd-vinylpyridine)  partially  complexed  with  osmium 
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bisibipyndine)  dichlonde  and  quaiemued  with  2-bromoeihylaniinc  (POs-EA)  (Figure  1 ) 
A  kev  parameter  m  defining  the  electron  relaying  behavior  or  a  redox  polymer  is 
Its  electron  diffusion  coefficient  ( De)-  We  measured  De  tw  POs-EA,  cross-linked  with 
rolyi ethylene  glycol)  diglycidyi  ether  (PEGDE).  using  steady  state  voltammetry  at 
interdigitated  array  (IDA)  electrodes  ( 10-20).  De  depends  on  the  ionic  strength,  anion, 
dH.  and  degree  of  cross-linking  of  POs-EA. 

Oe  was  measured  by  the  steady  state  voltammetry  at  interdigitated  array  (IDA) 
electrodes  as  follows;  IDA  gold  electrodes  on  glass  were  fabricated  by  conventional 
onotoiithogiaphv  and  sputter-deposition  of  gold  onto  chromium  primed  glass  substrates. 

electrodes  consisted  of  100  (N).  5.0  um  wide  fingers  iwi.  separated  by  5.0  pm  gaps 
■  gap),  that  were  2.0  mm  long.  The  narrow  widths  and  gaps  of  the  1(X)  fingers  allowed 
.measurement  of  electron  diffusion  coefficients,  that  were  much  lower  than  ion  diffusion 
coefficients.  When  the  potential  at  one  of  IDA  electrode  was  swept  from  reducing  to 
oxidizing,  while  the  other  electrode  was  maintained  at  a  reducing  potential  (gencnuor- 
collector  experiment),  an  anodic  steady  state  current  (Iss)  was  observed  upon  redox 
cycling,  because  the  electrode  at  the  fixed  reducing  potential  generated  an  oxidizable 
species.  The  total  charge  associated  with  the  redox  centers  (Q)  was  obtained  by 
integraung  the  area  of  the  surface  wave  voltammognun  when  the  potential  of  both  of  the 
IDA  electrodes  was  scanned  (generator-generator  experiment).  From  1$$  and  Q,  De  is 
obtained  through  equation  1  (10-12). 

De  ®  dss/Q)  gap  (w  gap)  N/(N- 1)  ( 1) 

The  attractive  feature  of  this  technique  was  that  De  was  derived  of  Q  and  tte 
IDA  geometry,  and  did  not  require  knowledge  of  either  the  film  thickness  or  of  the 
concentration  of  the  redox  species.  Furthermore,  because  the  technique  was  a  steady 
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state  method,  the  current  was  not  affected  by  diffusion  of  ions  into  and  out  of  the  redox 
polymer  network,  that  necessarily  takes  place  in  transient  experiments. 

Typical  cyclic  voltammograms  for  POs-£A.  cross-linked  with  5.0  wt%  PEGDE,  on 
IDA  electrodes  at  a  1.0  mV/s  scan  rate  are  shown  in  Figure  2a.  The  voltammograms  in 
generuor-collector  expeiimencs  (solid  line)  had  a  sigmoidal  shape:  They  showed  the 
expected  Os*'*’  oxidation  at  the  generator,  transpon  of  electrons  through  the  redox 
polymer  (by  electron  hopping  or  electron  self-exchange  between  neighboring  and 
Os*'*'  sites)  and  re-reduction  of  Os^'*'  sites  at  the  collector  (so  called  redox  cycling).  The 
anodic  limiting  current  was  idendcal  with  the  cathodic  one,  and  the  limiting  current  was 
moependent  of  scan  race.  These  results  indicated  the  existence  of  a  linear  concentration 
variation  in  the  site  rado  between  the  generator  and  the  collector  electrodes  at 

the  l.O  mVs*^  scan  rate,  and  established  that  charge  transpon  through  the  POs-EA 
polymer  limited  the  current.  In  contrast,  the  voltammograms  in  generator-generator 
experiment  (dotted  lines)  showed  well-defined  surface  waves.  As  the  voltammetric  wave 
was  symmetrical  and  the  peak  current  was  proportional  to  the  scan  rate,  the  total  charge 
of  POs-EA  polymer  coated  IDA  electrode  (Q)  could  be  calculated  by  integrating  the 
current  of  the  voltammogiam.  From  equation  1,  De  at  0.1  M  NaCl  was  calculated  to  be 
4.8  X  10*9  cm^'i.  The  voltammograms  of  Figure  2  reveal  a  strong  ionic  strength 
dependence  of  De>  When  the  concentration  of  NaCl  was  changed  from  0.1  M  to  1.0  M, 
Q  was  constant  but  Iss  decreased.  Moreover,  when  the  potential  of  one  IDA  electrode 
was  swept,  while  the  other  of  IDA  electrode  was  disconnected  (generator-open  circuit 
experiment,  dashed  line),  a  shoulder,  indicating  lateral  election  diffusion  between  fingers 
was  seen.  This  shoulder  was  sharp  in  0.1  M  NaQ  but  bad,  in  1.0  M  NaQ,  a  diffiisicMial 
tail,  leading  us  to  conclude  that  De  of  POs-EA  decreases  upon  increasing  with  the  ionic 
strength.  Evidently,  dehydration  of  POs-EA  at  increasing  the  ionic  strengths  made  the 
cross-linked  structure  more  rigid. 
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Figure  3  presents  the  pH  dependence  of  De  tor  POs-EA  cross-linked  with  5.0  wt% 
PEGDE  De  changes  remarkably  near  pH  4.  close  to  pKa  of  the  pyndine  mtrogen.  from 
4.5  X  10*^  to  1.6  X  ernes' Evidently,  the  polymer  film  was  swollen  and  the 
backbone  of  the  polymer  was  flexible  when  the  pyridines  were  protonated  at  a  pH  below 
pKa.  where  De  was  high.  We  conclude  that  De  is  determined  by  the  degree  of  swelling 
of  the  cross-linked  POs-EA  polymer.  De  values  of  the  POs-EA  polymer  at  various 
concentrations  of  cross-linker  are  summarized  in  Table  1.  For  the  network  made  with  5.0 
wt^  cross-linker  De  was  pH  dependent  De  was.  however,  almost  independent  of  pH  at 
25  wt%  cross-linker.  When  the  concentration  of  cross-linker  reached  25  wt%.  32  %  of 
Che  pvndines  in  the  polymer  were  cross-linked  with  the  diepoxide.  Because  the  polymer 
could  not  swell  even  at  low  pH.  De  became  independent  of  pH. 

We  conclude  that  in  cross-linked  POs-EA  the  electron  diffusion  coefficients 
increase  upon  hydration  of  the  network  and  that  electron  transport  through  networks  is 
controlled  by  segmental  motion  of  the  polymer  backbone. 

3.  Electron  Connection  of  Flavoenzyme  Redox  Centers  to  Dectrodes 

We  have  described  previously  the  synthetic  procedure  for  hydrogel-forming  redox 
polymers  (4).  Poly(vinyl  pyridine)  can  be  derivatized  with  Os(bpyl2Cl2  >n  ethylene 
glycol  or  ethanol  under  reflux.  The  osmium  derivatized  polymer  can  be  reacted  with 
bromo^ylamine  at  60*C.  It  has  been  found  that  the  polymer  containing  a  molar 
substitution  ratio  near  1:1:3  osmium  :ethylamine  :non  substituted  pyridines,  meets 
requirements  relevant  to  enzyme  electrodes,  such  as  solubility  in  water,  high  charge 
density,  high  osmium  loading,  and  crosslinkable  side  chains.  For  effective  electrical 
connection  of  enzyme  redox  centers  the  polymer  must  be  flexible  so  that  it  can  penetrate 
the  proteins.  We  have  found  that  the  polymer  POs-EA  (Figure  1)  electrically  "wires" 
redox  enzymes.  The  hydrogel  netwm-ks  are  formed  by  crosslinking  POs-EA  at  or  near 
ambient  temperature  and  in  aqueous  solution  with  the  diepoxide  polyethylene  glycol 
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diglycidyl  ether  (PEGDE)  (Figure  ibi  or  a  polyfuncnonai  aziridine  (PAZ)  (Figure  iai. 
The  crosslinker  is  chosen  so  as  to  avoid  reaction  of  ammo-acids  that  are  critical  for  the 
funcdCHi  of  the  enzyme. 

With  polymeric  "wires"  virtually  all  flavoproieins.  that  can  transfer  one  electron  at 
a  time  from  their  reduced  active  centers  to  an  electron  acceptor,  have  been  shown  to  be 
"wireable"  and  useful  in  the  construction  of  enzyme  electrodes.  Selectivity  of  the 
electrodes  requires  absence  of  direct  electrooxidation  of  the  substrate  on  the  electrode 
surface  itself,  or  in  the  redox  hydrogel,  directly  by  the  oxidized  osmium  complex,  at  the 
applied  usually  0.45  V  vs.  SCE  for  POs-EA. 

High  catalytic  current  density  (10^-10'^  Acm'^i  enzyme  electrodes  have  been 
constructed  by  "wiring"  glucose  oxidase,  lactate,  or  L-a-glycerophosphate  oxidase  (4.6); 
moderate  current  densities  (10**- 10"^  A  cm-^)  resulted  form  "wiring"  glycolate, 
theophylline.  D-amino  acid,  sarcosine.  L-glutamic  acid,  or  cholesterol  oxidase.  The 
catalytic  currents  of  L-amino  acid  and  choline  oxidase  electrodes  were  very  low.  For 
xanthine  oxidase  the  catalytic  current  was  almost  indistinguishable  from  the  background 
current  associated  with  nonenzymatic  electrooxidation  of  xanthine  by  the  oxidized  redox 
polymer. 

Examination  of  the  significance  of  complex  formadtm  b^ween  the  redox  polymers 
and  the  enzymes  on  the  efficiency  of  current  collection  shows  that  electrostatic 
complexadon  is  important  for  efficient  communication  between  the  enzymes  and  the 
polymers  (21),  but  other  kinds  of  interactions  may  also  be  relevant 

Figure  4  shows  the  response  of  a  sarcosine  oxidase  electrode  and  the  variation  of  its 
current  density  with  the  electrode  construction  parameiers.  The  response  of  the  electrode 
under  anaerobic  conditions  and  under  oxygen  are  shown  in  Figure  4a.  Figure  4b  shows 
the  >vriation  of  the  current  density  with  the  enzyme  content  of  the  hydrogel.  Figure  4c 
shows  that  by  changing  the  enzyme  content  of  the  gel  one  can  adjust  the  dynamic  range 
(apparent  Michaeiis  constant.  Km)  of  the  sensor.  Hgure  4(d)  shows  that  increasing  the 
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thickness  of  the  enzyme-polymer  film  results  in  an  almost  linear  increase  of  the 
maximum  current  density  obtained,  up  to  about  200  ug  cm'^  loading,  where  the  film 
thickness  reaches  about  2  pm.  Sarcosine  oxidase  has  been  used  in  bilayer  electrodes  for 
the  detection  of  creatine  t22).  Creatine  was  converted  in  an  outer  creatine 
amidinohydiolase  film  mto  sarcosine.  which  was  sensed  by  an  inner  layer  of  sarcosine 
oxidase-redox  polymer  hydrogel.  The  response  of  such  an  electrode  is  compared  to  one 
without  the  creatine  amidinohydiolase  in  Figure  5.  The  electrode  might  be  applicable  in 
the  direct  determination  of  creatine  phospholdnase  activity  in  serum  or  whole  blood. 

In  some  of  the  flavoenzymes.  for  example  in  glycerophosphate  oxidase,  the 
•emiouinone  form  of  FADH*  could  not  be  observed  during  the  normal  catalytic  cycle 
when  dioxygen  was  the  electron  acceptor  <23.24).  From  the  efficient  electron  transfer  to 
Os(ill)  relays  that  was  observed,  it  was  evident  nevertheless  that  the  substrate-reduced 
enzyme  was  reoxidized  in  two  sequential  electron-proton  transfer  steps.  The  rate  limiting 
step  in  the  multistep  electron  transfer  from  lactate  oxidase  to  an  electrode  was  the 
electron  transfer  between  reduced  FADH2  centers  and  Os  relays  in  the  hydrogel.  Figure 
6  shows  the  pH  response  of  a  glucose  oxidase  electrode.  Different  pH  maxima  exist  for 
the  redox-hydrogel  electrode  and  the  natural  enzyme  activity.  This  shift  in  pH  is 
consistent  with  the  proposal  that  electron  transfer  between  FADH2  or  FADH*  and  OsUI, 
which  is  pH  independent,  is  rate  limiting.  In  the  natural  enzymatic  reaction  the  pH 
dependent  reduction  of  02  to  H202  is  rate  limiting. 

The  key  determinants  in  realization  of  high  cuirent  densities  are  the  turnover 
number  and  specific  activity  of  the  enzyme,  and  the  strength  of  the  complex  between  the 
enzyme  and  the  redox  polymer  (Ttdile  2).  In  general  enzymes  with  high  turnover  numbers 
and  high  complex  formation  constants  with  POs-EA  give  the  highest  current  densities. 
The  unexpectedly  high  current  density  of  sarcosine  oxidase  and  low  current  density  of 
glutamate  oxidase  show,  however,  that  the  two  parameters  are  not  the  only  on^^  that  are 
important  It  is  conceivable  that  the  aberrations  result  from  a  specific  interaction  of  the 
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polymer  with  the  catalytically  active  site  of  the  enzyme,  or  from  particularly  deep  protein 
penetration  of  an  electron  relay,  or  from  deactivation  of  the  etuyme  upon  immobilization. 

The  turnover  number  and  specific  activity  of  the  enzyme  define  the  number  of 
electrons  produced  per  unit  volume.  In  extreme  cases  of  low  turnover  numbers,  the 
volume  fraction  of  protein  necessary  for  the  production  of  a  detectable  current  is  so  high 
that  the  hydrogel  no  longer  contains  a  high  enough  density  of  electron  relaying  centers 
and  electron  diffusion  through  the  film  becomes  rate  limiting.  Table  2  shows  the  strength 
of  the  complexes  formed  between  POs-EA  and  enzymes  on  a  scale  built  on  detection  by 
isoelectric  focusing  of  migration  of  free  enzyme  from  the  complex(2n.  The  values  in  the 
table  indicate  the  %  enzyme  content  of  the  complex  when  unbound  enzyme  is  first 
observed.  Usually,  the  higher  this  number,  the  stronger  the  complex,  and  the  stronger  the 
complex,  the  higher  the  current  density.  Fomtation  of  a  stronger  complex  can  result  in  a 
shorter  electron  transfer  distance  betweeen  the  redox  center  of  the  enzyme  and  a  relay  of 
the  polymer,  or  an  increase  in  the  density  of  electrically  connected  enzyme  centers  in  the 
hydrogel. 

4.  Electrical  Connection  of  Pyrroloquinoline  Quinone  Redox  Centers 
SevCTai  groups  of  quinonprotein  enzymes  have  been  isolated  and  characterized  in 
recent  years  (2S).  These  enzymes  have  either  pyrroloquinoline  quinone  (PQQ), 
topaquinone  (TPQ)  or  tryptophanyl-tryprophan  quinone  (TTQ)  cofactors  (26).  Glucose 
dehydrogenase  GDH  (EC  1.1.99.17),  that  was  successfully  wired  through  the  POs-EA 
based  hydrogel  (7)  belongs  to  the  group  of  PQQ-containing  quinoproteins  (27).  The  apo> 
enzyme  (28)  of  GDH  was  reconstituted  by  incorporating  PQQ  (27)  in  the  presence  of 
Ca2‘*’(29).  PQQ  and  Ca^*  are  firmly  bound  in  the  reconstitued  enzyme.  The  activity  of 
the  reconstituted  holo-enzyme,  250  units  mg'^  was  measured  spectrof^otometricaily  by 
monitoring  the  decoloration  of  Wumer's  Blue  (30).  The  reconstituted  GDH  can  be  stared 

*r-  j 

at  4*C  for  more  than  two  months  without  measurable  loss  of  activity. 
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The  dependence  of  the  current  density  on  glucose  concentration  for  POs- 
E.VPEGDE-wired  GDH  and  similarly  wired  glucose  oxidase  (GOX)  electrodes  is  shown 
in  Figure  7.  The  curr^t  density  ot  the  GDH  electrode  substandaily  exceeded  that  of  the 
GOX  electrode,  reaching  1 .8  mA  cm*^  at  70  mM  glucose.  This  current  density  was 
about  three  times  higher  than  that  of  the  electrode  made  with  GOX.  The  sensitivity  of  the 
wired  GDH  electrode  at  5  mM  glucose  was  165  u  A  cm'*  M'^.  The  higher  cuixent 
density  of  the  GDH  electrode,  relative  to  that  of  the  GOX  electrode,  derived  from  the 
faster  rate  of  electron  transfer  from  the  PQQH2  centers  than  from  FADH2  centers  to  the 
osmium  complex  in  the  redox  poiymer/enzyme  network. 

That  the  3 -dimensional  redox  network  based  hydrogel  is  effecnve  in  collecting  and 
carrying  electrons  from  GDH  is  seen  from  the  fact  that  in  electrode  made  with  the 
electron  shuttling  diffiisional  mediatc»‘  l.r-dimethylfemocene,  the  current  density  was 
only  54  pA  cm*2  at  4  mM  glucose  (31),  versus  724  pA  cm*2  for  the  redox  hydrogel  at  at 
the  same  glucose  concentration.  The  current  density  of  the  redox-hydrogel  based  GIXl 
electrode  changed  relatively  little  between  pH  6.3  and  8.8. 

The  half-life  of  the  dissolved  enzyme  in  10  mM  H£P£S  pH  7.3  buffer  at  room 
temperature  was  5  days  (7).  The  decay  of  the  current  of  the  GDH  electrodes  in  10  mM 
glucose  at  25**C,  pH  7.3  was.  however,  faster  (Fig.  8.  open  squares),  dropping  to  one 
half  of  its  initial  value  in  about  8  hours  under  continuous  operation.  The  operational 
stability  of  the  “wired”  GDH  electrode  was  found  to  be  glucose  concentration  dependent, 
the  output  declining  mote  rapidly  at  higher  glucose  concentrations.  Fig.  8  shows  the 
rates  of  decline  for  GDH  electrodes  in  an  electrochemical  cell  where  the  glucose 
concentration  was  held  at  10  mM,  and  in  a  flow  injection  analyser  where  a  computer 
controlled  injection  system  injected  fixed  volumes  of  10  mM  glucose  once  every  60 
minutes.  Under  the  conditions  of  the  experiment,  it  took  less  than  3  minutes  for  the 
sample  to  pass  through  the  ceil.  i.e.,  the  electrode  was  in  lOmM  glucose  for  only  3 
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minutes  each  hour.  Evidently,  the  rate  of  current  loss  is  depended  on  the  amount  of 
glucose  electrooxidized  (Figure  8>. 

5.  Electrical  Connection  of  Hemeprotein  peroxidases 

Most  peroxidases  have  catalytic  sites  containing  covalently  bound  iron  porphyrins. 
In  peroxidases  the  iron  heme  is  positioned  close  to  the  surface  of  the  enzyme.  The  near 
surface  position  of  the  catalytic  site  allows  direct,  non-mediated,  electrOTeduction  of  the 
enzymes  on  graphite  electrodes  and  thus  the  construcdon  of  direct  H2O2  sensors  (3334). 

Many  diagnostic  tests  ultimately  rely  on  amperometric  of  colorimetric  detection  of 
H202-  Althougn  feasible,  enzymatic  amperometric  H2O2  detecuon  is  not  commercially 
used.  The  most  common  ampensmetric  H2O2  assays  involve  use  of  a  Pt  anode  held  at  an 
oxidizing  potential,  where  not  only  H2O2,  but  also  a  variety  of  interferants  are 
electrooxidized. 

Bectron  conducting  POs-EA  and  PEGDE  (Figure  1)  redox-hydrogel  based  H2O2 
sensors,  involving  electroreduction  of  lactoperoxidase  (LOP),  Arthromyces  ramosus 
peroxidase  (ARP),  or  horseradish  peroxidase  (HRP)  (8).  In  these,  the  H2O2  fluxes  were 
connected  to  currents  by  electrocatalyticalJy  reducing  H2O2  according  to  the  scheme 
shown  in  Figure  9.  These  enzymes  were  covalently  bound  to  the  3-dimensional  redox 
epoxy  based  hydrogel  Upon  such  immobilization  the  ensemble  of  enzyme  molecules  in 
the  gel  volume  was  electrically  cmuiected  to  the  electrode. 

The  amperometric  measurements  were  performed  in  a  standard  3-electrode  cell, 
with  the  working  electrode  maintained  at  O.OV  (SCE)  and  rotated  at  1000  RPM.  H2O2 
was  catalitically  electroreduced  at  the  operating  potential.  The  dependence  of  the 
catalytic  H2O2  eiectroreduction  currents  on  the  H2O2  concentradon  in  pH  7.4  phosphate 
buffer  is  seen  in  Figure  10  for  four  enzymes  ARP,  LOP,  HRP,  and  periodate-oxidized 
HRP. 
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Although  immobilizauon  of  lactoperoxidase  m  the  redox  hydrogel  resulted  in 
suostannal  reduction  currents,  the  currents  rapidly  decayed  when  the  H2O2  concentration 
exceeded  lOpM,  because  of  reversible  substrate  inhibition  of  the  enzyme  (35).  Wiring  of 
;he  peroxidase  from  Arthromyces  ramosus  in  the  electron-conducting  hydrogel  led  to  the 
highest  current  density  >  1mA  cm*^.  The  current  density  increased  linearly  with  the 
H2O2  concentration  from  0.1  pM  to  SOOpM.  The  current  was  remarkably  stable, 
decaying  only  a  few  percent  per  hour. 

The  horseradish  peroxidase  (HRP)  containing  electrodes  did  not  exhibit  either  the 
iigh  current  density  nor  the  exceptional  linear  range  of  the  Arthromyces  ramosus 
rerox  lease  based  electrodes.  Nevertheless,  when  NalOa  oxidized  HRP  was  used,  the 
sensors'  performance  improved.  The  aldehydes  formed  upon  NalOa  oxidation  of  HRP 
sugar  residues  formed  Schiff  bases  with  the  POs-EA  amines,  coupling  the  enzyme's  redox 
centers  with  those  of  the  hydrogel  and  shortening  the  electron  transfer  distances.  The 
currents  in  electrodes  modified  with  hydrogels  with  Nal04  oxidized  HRP  by  a 

^ctor  of  5  those  observed  in  electrodes  with  untreated  HRP,  and  the  sensitivity  reached  1 
AM'^cm'^. 

The  Nal04  oxidized  HRP  based  electrode  was  operable  at  potentials  between 
-0.15V(SCE)  and  'K).3V(SCE).  The  wide  potential  window  allowed  choice  of  potentials 
where  non-enzyme  specific  electrode  reaction  rates  were  slow,  i.e.  where  interferant 
caused  currents  were  low.  The  useftil  pH  range  of  the  sensors  was  3.8  to  9.6,  remaining 
within  10%  of  the  maximum  response  throughout  this  range.  Transient  exposure  of  the 
sensors  to  solutions  that  were  strongly  acidic  (pH  <  3.8)  reduced  their  response,  but  upon 
returning  to  a  ntnitral  pH  the  sensors  recovered.  Exposure  to  strong  bases  (pH  >  9.6) 
caused  irreversible  decomposition  of  their  gel. 
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6.  Assay  of  NAD(P)H  Throuieh  Quantitative  Translation  to  H2O2 

Quinones  and  molecules  with  quinoid  structures  have  been  reduced  in  two  electron 
transfer  reactions  by^AD(P)H  (36-40).  Amperometric  NADfP)H  sensors  based  on  such 
reduction  have  been  described  by  Miller  et  al  (41.42).  Gorton  et  al  (43)  and  Kulys  et  al 
(44,4S).  An  example  of  a  water  soluble  quinoid.  that  is  readily  reduced  by  NAD(P)H  is 
the  N-methylphenazonium  ion  NM?"*" : 

NAD(P)H  +  NMP-^  — >  NADfP)'*’  +  NMPH 
The  reduced  phenazine.  NMPH  is  reoxidized  by  molecular  oxygen  to  NMP'*’  in  the  H2O2 
generating  reaction : 

NMPH  *  02  — ^  *  H2O2 

The  sum  of  these  reactions  is  the  catalytic  reduction  of  O2  to  H2O2  by  NADfP)H: 

NAD(P)H  O2  NMP±.>  NADfP)*  +  H2O2 

Because  the  reaction  is  fast  and  stoichiometric.  NAD(P)H  sensors  based  on  amperometric 
assays  of  the  depletion  of  O2  (46.47)  and  the  colcffimetric  assay  of  the  H2O2  generated 
(48-50)  have  been  built 

The  translation  of  NAD(P)H  into  H2O2  through  the  above  reaction  sequence 
allowed  the  sensing  of  NAD(P)H  with  the  peroxidase  electrodes  with  1  A  M‘^  cm*2 
sensitivity  and  with  a  0.1  to  200  pM  linear  range,  similar  to  those  of  the  H2O2  sensors 
(8).  Figure  1 1  shows  the  steady  state  alcohol  response  of  a  sensor  with  NAD*/NADH 
dependent  alcohol  dehydrogenase,  pH  7.4  solution  containing  7.1xlO'^M  N- 
tnethylphenazonium  methosulfate,  13  units/mL  alcohol  dehydrogenase  and  1.3xlO~^M 
NAD*.  Figure  12  summarizes  the  electron  transfer  sequence  in  the  sensing  of  alcc^l. 

CONCLUSION 

Electrons  diffuse  in  hydrogels  built  wiht  redox  polymer  skeletons  at  sufficient  rates 
to  allow  interception  of  electrons  transferred  between  oxidoreductases  and  their 
substrates.  Their  ..  to  electrodes  results  in  the  transduction  of  biochemical  fluxes  to 
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electrical  currents.  Zlecmcal  currents  are  produced  by  substrates  of  flavoenzymes.  heme 
enzymes  and  quuioprotem  enzymes.  Througn  catalytic  reaction  of  NADfPlH  with  02  in 
an  NAD(P)‘'  and  H2O2  produsing  reaction  and  electroreduction  of  H2O2  m  peroxidase- 
containing  redox  hydrogels  NADfP)H  concentrations  can  also  be  translated  to  electrical 


currents. 
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RGURE  CAPTIONS 


Figure  1.  Structure  of  the  water  soluble,  enzyme  complexing  redox  "wire  '  POs-EA.  m=L 
n=|.  p=3  or  2.  The  polymer -enzyme  complexes  are  crosslinked  with  either  :  ta)  a 
polyfunctional  aziridine  (PAZl.  or  ib)  polyi ethylene  glycol)  diglycidyl  ether  t  PEGDE)  to 
yield  hydrogel- forming  networks. 

Figure  2.  Ionic  strength  dependence  of  cyclic  voliammograms  for  POs-EA  cross-linked 
with  5.0  wt%  PEGDE  coated  on  IDA  electrodes,  at  an  site  coverage  of  P  =  1 .93 

X  10**  mol  cm*2  in  20  mM  phosphate  buffer  at  pH  7.0  and  at  1.0  mV  s*l  scan  rate, 
Generator<oilector  (solid  linet.  generator-open  circuit  (dashed  linei.  generator-generator 
(dotted  line)  voltammograms  are  shown  for  (a).  0.1  M:  (b).  1.0  M  NaCl. 

Figure  3.  pH  dependence  of  the  electron  diffusion  coefficient  of  POs-EA  cross-linked 
with  5,0  wt%  PEGDE  P  =  4.35  x  10“^  mol  cm*^  in  20  mM  phosphate  buffer  containing 
0.1  M  NaQ  at  2.0  mV  s*^  scan  rate. 

Figure  4.  (a)  Dependence  of  the  current  density  of  a  sarcosine  oxidase  electrode  on 
sarcosine  concentration.  Open  circles.  Ar  atmosphere:  solid  circles.  02  atmosphere: 
glassy  carbon  electrode:  30  weight  %  enzyme:  200  pg  cm*^  loading;  0.45  V  (SCE);  pH 
7,2  phosphate  buffer,  O.I  M  NaCI;  1000  rpm:  22®C.  (b)  Dependence  of  the  maximum 
current  density  of  sarcosine  oxidase  electrodes  on  the  enzyme  content  of  the  hydrogel  at 
150  Mg  cm‘2  loading.  Conditions  same  as  above.  Jmax  determined  from  Eadie-Hofstee 
plots,  (c)  Dependence  of  the  apparent  Michaelis  constants  of  sarcosine  oxidase  electrodes 
on  the  enzyme  content  of  the  hydrogel,  fd)  Dependence  of  the  maximum  current  density 
of  sarcosine  electrodes  made  with  20  weight  %  enzyme  on  the  thickness  of  the  hydrogel- 


films. 


Figure  5.  Response  of  a  bilayer  sarcosine  -  creatine  amidinohydrolase  electrode  (open 
circles)  to  creatine.  The  solid  circles  show  the  creatine-response  of  a  sarcosine  electrode 
made  without  the  hydrolase.  The  hydrogel-forming  polymer  contained  26  %  sarcosine 
oxidase,  20%  PAZ  crosslinker,  and  54%  POs-EA.  Loading  was  50  pg  cm'^  The  bilayer 
electrode  had  an  exterior  film  of  40  pg  of  creatine  amidinohydrolase  (0.5  units) 
crosslinked  with  PAZ  and  poly( vinyl  pyridine)  quatemized  with  bromoethylamine. 

Figure  6.  pH  dependence  of  the  glucose-produced  current  of  a  glassy  carbon  electrode, 
modified  with  the  hydrogel  formed  of  glucose  oxidase.  POs-EA  and  PEGDE  under  argon 
'  open  circles)  and  of  a  hydrogen  peroxide  detecting  platinum  electrode  modified  with  the 
same  gel.  except  for  having  the  POs-EA  analog  without  the  osmium  complex  under 
oxygen  (solid  circles).  10%  weight  glucose  oxidase.  80  pg  cm*^  loading. 

Figure  7.  Comparison  of  the  current  output  and  the  sensitivity  for  GDH  and  GOX 
electrodes.  Open  square:  GDH  electrode:  Solid  diamonds:  GOX  electrode.  0.4  V  (SCE); 
1000  rpm:  air  atmosphere. 

Figure  8.  Time  dependence  of  the  output  of  GDH  electrode  at  0.4  V  (SCE).  Continuous 
operation  at  constant  10  mM  glucose  concentration  (open  squares)  and  in  a  flow  injection 
analyzer  where  30  second  10  mM  glucose  pulses  were  injected  once  per  hour  (solid 
diamonds). 

Figure  9.  Scheme  of  cathodic  assay  of  hydrogen  peroxide  using  POs-EA-based  electron 
conducting  hydrogels  to  which  a  peroxidase  is  covalently  bound.  denotes  gel- 


bound  redox  centers. 


Figure  10.  Amperomethc  response  of  peroxide  sensing  cathodes  built  with  different 
peroxidases  covalently  bound  to  electron  conducting  hydrogels  based  on  POs-EA. 
Closed  circles.  HRP:  open  circles.  NaI04  oxidized  HRP:  squares.  LOP:  triangles.  ARP. 

Figure  i  1.  Steady  state  alcohol  response  for  alcohol  dehydrogenase  with  the  "wired” 
peroxidase  catnode.  0  V  fSCEl;  1000  rpm:  pH  7.4  phosphate  buffer. 

Figure  12.  Electron  transfer  sequence  in  the  transduction  of  the  concentration  dependent 
alcohol  Hux  to  a  cathodic  current.  Even  though  7  electron  transfer  steps  are  involved  in 
ne  '.ransduction.  these  are  so  efficient  that  the  current  represents  about  10%  of  the 
electron  pairs  transferred  in  the  oxidation  of  ethanol  to  acetaldehyde. 


Knzynie  rtilyiiicT  cuiiiplex  iind  CrosNliiikci  Ik.  .i 


^  Electrodes  so  constructed  as  to  be  kineiically  iiiiiiled  and  have  I).  1  i  0.02  iiniis  munolxli/ed 
*  Abbreviations :  GOx,  glucose  oxidase;  LOx,  laciaic  oxidase;  GPO,  L-a-glycerophospliaic  oxidase;  Gl.Ux,  1.  gluiai. .  a 
oxidase;  SOx,  sarcosine  oxidase;  THOx,  theophyline  oxidase;  CHOx,  cholesterol  oxidase;  DA  AOx,  D-aniino  acid  oxidase 
**  As  determined  by  isoelectric  focusing  experiments. 

•••  PAZ :  polyfunctional  aziridine,  PEGDE :  poly(ethylene  glycol)  diglycidyl  ether. 
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Enzyme  electrodes  based  on  a  redox  hydrogel 
formed  upon  complezing  water-soluble  poly(l- 
vinylimidazole)  (PVI)  with  [Os(bpy)2CI]'*^  and 
cross-linked  with  water-soluble  poly(ethylene 
glycol)  diglycidyl  ether  (molecular  weight  400,  peg 
^  j^goribed.  The  properties  of  the  electrodes 
aded  on  their  polswers’ osmium  content,  the 
at  of  cross-linking,  the  pH,  and  the  ionic 
strength  in  which  they  were  used.  The  redox 
hydrogels’  electron  diffusion  coefHcients  (A>> 
increased  with  osmium  content  of  their  polymers. 
The  D»  values  were  1.5  x  10~*,  1.3  x  10~*,  and  4.3  x 
10^  cmVs  for  PVIj-Os,  PVIrOs,  and  PVIio-Os, 
respectively,  the  subscripts  indicating  the  number 
of  monomer  units  per  osmium  redox  center. 
decreased  with  increasing  ionic  strength  and 
increased  upon  protonation  of  the  polymer.  In 
glucose  electrodes,  made  by  incorporating  into 
their  films  glucose  oxidase  (GOX)  through  cova¬ 
lent  bonding  in  the  cross-linking  step,  glucose  was 
electrooxidized  at  >150  mV  (SCE).  The  charac¬ 
teristics  of  these  electrodes  depended  on  the  GOX 
concentration,  film  thickness,  Oj  concentration, 
pH,  NaCl  concentration,  and  electrode  potential. 
The  steady-state  glucose  electrooxidation  currents 
were  independent  of  the  polymers’  osmium  content 
in  the  studied  (3-10  monomer  units  per  osmium 
center)  range.  Electrodes  containing  39%  GOX 
reached  stea^-state  glucose  electrooxidation  cur¬ 
rent  densities  of  400  pA/ cm^  and,  when  made  with 
thick  gel  films,  were  selective  for  glucose  in  the 
presence  of  physiological  concentrations  of  ascor¬ 
bate  and  acetaminophen. 


INTRODUCTION 

Redox  hydrogel  films  are  unique  both  in  having  adequate 
electron  diffusion  coefficients  (Le.,  not  rate  limiting)  and  in 
being  permeable  to  water-soluble  substrates  and  products  of 
enzymatic  reactions.^  When  a  cross-linked  redox  polymer 
network  electrically  ‘Vires”  an  enzyme  that  is  cogently 
bound  to  it,  then  ^e  gel  and  the  current-collecting  metal 
form  enzyme  electrodes.  Such  electrodes  are  potentiaUy 
useful  in  applications  where  release  of  diffusional  mediators 
firom  the  dectrodes  is  to  be  avoided  and  where  small  size  is 
important^  Here  we  show  that  hydrogels,  based  on  the 
OsChf^ljCl'*'/®’’  cconplex  of  polyd-vinylimidazde)  (PVI)  (Fig¬ 
ure  1)  termed  PVI-Os,  are  adequate  electron  conductors  and 
that  electrons  originating  in  the  redox  site  of  glucose  oxidase 
(GOX)  are  transferred  through  the  gel’s  polymer  network  to 
electrodes.  The  hydrogeb  are  made  by  cross-linking  poly- 


PVI„-Os 

m  =  1  and  n  =3  •  10 


ngure  1.  Cttemical  structure  of  OstbpyiiCI  connplexed  wtih  potyfl- 
vinyiniidazole). 


a. 


PolytaMtylww  glycol)  diglycidyl  attwr,  Pag  400,  n  s  9 


-CH2^CHfCH2^)n-CH2r 


b.  Epoxida  reaction  with  an  amine 


R| - NH2  ♦ 


c.  Epoxide  reeeUon  with  an  imidasole 


FIgareZ.  (a)  Chemical  structure  of  the  dtopoxidecross^nldng  agent 
(b)  General  reaction  of  an  epoxide  with  an  amine,  (c)  General  reaction 
of  an  epoxide  with  an  imidazole. 


(ethylene  glycol)  diglycidyl  ether  (peg  400,  Figure  2a)  with 
PVl„-08  and  GOX. 

A  reference  polymer  with  which  the  PVI„-Os  polymers  is 
compared  is  poly(4-vinylpyTidine)  (PVP)  complexed  with 
08(bpy)2Cl  (POs)  and  partially  quatemized  with  bromo- 
ethylamine  (POs-EA).^  POs  is  only  marginally  soluble  in 
water  except  at  high  osmium  loading.  POs-EA  is,  however, 
water  soluble  and  easy  to  cross-link  with  diepoxides  such  as 
peg  4(X),  which  binds  POs-EA  amines  and  functions  of 
enzyme  proteins  (Figure  2b).*  The  resulting  redox  hydrogel 
adheres  well  to  the  electrodes.  In  contrast  with  the  PVP- 


(1)  Hdler,  A.  J.  Phys.  Chem.  1992, 96, 3679-3587.  - 

(2)  Pidiko,  M.  V.;  Michael,  A  C.;  Heller,  A  Anal.  Chem.  1991, 63,  (3)  Gregg,  B.  A;  Heller,  A  J.  Phyg.  Chem.  1991, 95, 6970-6975. 

2268-2272.  (4)  Gregg,  B.  A;  Heller,  A  J.  Phys.  Chem.  1991,  95, 6976-5980. 


0003-2700/93/0365-3S12$04.00/0  @  1993  American  Chemical  SocMy 


ANALYTICAL  CHEMISTRY,  VOL.  6S.  NO.  23.  DECBMBSi  1.  1993  •  9513 


derived  polymers,  the  PYIa-Os  polymers  are  highly  water 
soluble  aad  do  not  require  quatemization  with  bromoethyl- 
amine  for  easy  cross-linking  with  water-soluble  diepoxides 
(Figure2c).  The  redox  potential  of  PVU-Os  is  200  mV  (SCE) 
vs  280  mV  (SCE)  for  POs  or  POs-EA.  Because  the  redox 
potential  of  the  resulting  enzyme  electrode  is  also  lower, 
currents  resulting  from  electrooxidation  of  some  interferants 
are  reduced. 

EXPERIMENTAL  SECTION 

Chemicals.  1-Vinylimidazole  (Aldrich),  K2OSCI6  (Johnson 
Matthey),  2,2'-bipyridine  (Aldrich),  (sodium  4-(2-hydroxy- 
ethyl)-l-piperazineethanesulfonate)  ( Na-H£PES;  Aldrich), 
poly(ethylene  glycol)  diglycidyl  ether  (Polysciences,  peg  400, 
catalog  No.  08210),  and  glucose  oxidase  (EC  1.1.3.4)  from 
Aspergillus  niger  (type  X-S,  198  units)  were  used  as  received. 
2,2'-azobis(isobutyTonitrile)  (  AIBN,  Polysciences)  was  pu¬ 
rified  by  double  recrystallization  from  methanol  and  stored 
at-20'’C.  Os(bpy)2Cl2waspTeparedbyareportedprocedure.‘ 

Poly(l-vinylUnidazole)  (PVl).  Bulk  polymerization  of 
PVT  was  carried  out  by  heating  6  mL  of  l-vinylimidazole  and 
0.5  g  of  AIBN  at  70  ”C  for  2  h  under  Ar.  A  dark  yellow 
precipitate  formed  soon  after  heating.  After  the  reaction 
mixture  was  allowed  to  cool,  the  precipitate  was  dissolved  in 
methanol  and  added  dropwise  to  a  strongly  stirred  solution 
of  acetone.  The  filtered  precipitate  was  a  pale  yellow 
hygroscopic  solid.  The  molecular  weight  ofthe  polymer  was 
found,  by  HPLC  analysis  using  a  Synchrmn  Catsec  3()0  column 
with  0.1%  tiifluoroaccetic  add  and  0.2  M  NaCl  as  the  elutant, 
to  be  ~7000.  The  flow  rate  in  the  molecular  weight 
determination  was  0.4  mlVmin,  and  poly(2-vinylpyridine)  was 
used  as  the  standard. 

PVIn-Os,ii  =  3,5, 10.  Osmium-derivatizedpolymeiswere 
prepared  by  a  procedure  similar  to  that  of  Forster  and  Vos,^ 
whm  the  appropriate  amount  of  OsfbpyliClj  was  refluxed 
with  PVI  in  ethanol  for  3  days.  The  elemental  analyses  were 
as  follows.  Calcd  for  [PVIs-Os]  •  3H20,  CssCUHa^Nio- 
Os-SHrO:  C,  46.2;  H,  4.4;  N,  15.4;  Os,  20.9.  Found:  C,  46.4; 
H,  4.2;  N,  15.3;  Os,  18.4.  Calcd  for  [PVIs-Os]  •5H2O,  C«- 
CI2H46N14OS-5H2O:  C,  47.7;  H,  5.0;  N,  17.3;  Os,  16.8.  Found: 
C,48.2;  H,  4.5;  N,  16.2;  Os,  15.4.  Calcdfor  [PVIio-OsJ-lOHaO, 
C7oCl2HwN240s-10H20:  C,  49.6;  H,  5.7;  N,  19.9;  Os,  11.2. 
Found:  C,  51.1;  H,  5.2;  N,  18.7;  Os,  11.0.  The  three  osmium- 
derivatized  polymers  are  referred  to  as  PVI3-OS,  PVIs-Os, 
and  PVIia-C)s,  where  the  subscript  represents  the  number  of 
vinylimidazole  units  per  Os(bpy)2Cl. 

Electrodes.  Rotating  disk  elecriodes  were  prepared  by 
embedding  vitreous  carbon  rods  (3-mm  diameter,  V-10, 
Atomergic)  in  a  Teflon  shroud  usii^  a  low-viscosity  epoxy 
(PolyBciences,CatalogNo.01916).  Electrodes  were  prepared 
by  syringing  a  2-fiL  aliquot  of  5  mg/mL~>  PVL-Os  solution 
onto  the  electrode  surface  (0.071  cm^.  Next,  a  2-iiL  volume 
of  a  4  mg/mL-^  (10  mM  HEPES,  pH  =  8. 1)  solution  of  glucose 
oxidase  was  added  onto  the  electric  and  stirred  with  a  syringe 
needle.  In  the  Gnal  step,  1.2  ^L  of  a  2.5  mg/mL  solution  of 
peg 400 was  added  to  the  electrode  and  stirred.  Theelectrode 
was  allowed  to  cure  for  at  least  48  h  under  vacuum. 

Measurements.  Electtochemical  measurements  were 
performed  with  a  Princeton  Applied  Research  175  universal 
programmer,  a  Model  173  potentiostat,  and  a  Model  179 
digital  coulometer.  The  signal  was  recorded  on  a  Kipp  and 
Z(menX-y-Y' recorder.  Rotatingdiskelectrodeeiqieriments 
were  performed  with  a  Pine  Instruments  AFMSRX  rotator 
with  an  MSRS  speed  controller.  The  three  -electrode  cell 
contained  0.1  M  NaCl  buffered  witih  phoephate  (20  mM,  pH 


(5)  Lay,  P.  A.;  Saigeson,  A  M4  Taube,  H.  Inorg.  Synth.  19K,  24, 
291-299. 

(6)  Fontar,  B.  J.;  Vos,  J.  G.  Macromoleeules  1990, 23, 4372-4377. 


=  7.2).  The  current  responses  of  the  glucuae  electrodes  were 
found  to  have  a  sigmoid  dependence  on  potential  reaching 
aplateauin  oxidation  currentatpotentialsof2;300mV  (SCE). 
In  the  constant-potential  experiments,  the  working  electrode 
was  poised  at  0.4  V  (SCE)  well  in  Uie  plateau  of  glucose 
electrooxidation.  The  chronoamperometric  measurements 
were  performed  with  a  Princeton  Applied  Research  Model 
273  potentiostat.  The  potential  was  initially  held  at  0.0  V 
(SCE)  for  15  s  and  then  stepped  to  0.8  V  for  0.3  s.  The  sk^ies 
of  the  resulting  i  vs  plots  were  unaffected  upon  varying 
the  residence  time  (0. 1-0.5  s).  Three  hundred  data  points 
were  recorded.  The  reported  values  are  averages  of  either 
four  or  five  measurements. 

RESULTS  AND  DISCUSSION 

Cyclic  Voltammetry  of  P VIn-Os-Peg  400-Coated  Elec¬ 
trodes.  The  effect  of  the  extent  of  cross-linking  on  the 
electrochemical  behavior  of  PVl„-Os  (n  =  3, 5, 10)  films  cross- 
linked  with  5-20%  peg  400  was  determined  for  electrodes  in 
which  the  quantity  of  redox  polymer  was  held  constant,  with 
thefilmscuredfor>48h.  Coulometry  (by  cyclic  voltammetry 
at  ImV/s)  showed  that  ~50%  ofthe  oemium  was  immobilized 
and  that  it  did  not  vary  with  the  extent  of  cross-linking.  The 
cross-linked  fflms  adhered  well  to  the  vitreous  carbon 
electrodes  and  retained  ~95%  of  their  electroactive  osmium 
when  soaked  in  a  stirred  phosphate  buffer  at  room  temper¬ 
ature  for  72  h. 

The  separation  of  the  oxidation  and  the  reduction  peaks 
(AEp)oftbevoltammogramsata  100  mV/s  scan  rate  remained 
constantat  ~100  mV  through  the  cross-linking  range  studied. 
This  contrasts  to  the  results  from  POs-EA  films,  where  A£p 
increased  with  cross-linker  (peg 400)  concentration,  suggesting 
better  electron  diffusion  kinetics  in  PVI„*Os  films.^ 

The  peak  width  at  half-height  (Emub)  (for  the  oxidation 
wave  measured  at  1  mV/s)  increased  with  the  extent  of  cross- 
linking  from  60  to  110  mV  for  PVL-Os  (n  =  3, 5, 10).  While 
in  the  POs-EA  system  the  Emib  of  the  oxidation  peak  was 
narrower  than  that  of  the  reduction  peak,  in  the  P  VI„-Os-peg 
400  systems  the  two  were  precisely  equaL^ 

Diffusion  Coefficients.  DtCp^  values  (D,  being  the 
electron  diffusion  coefficient  and  Cp  the  concentration  of  the 
redox  couple  in  the  film)  were  measured  for  the  cross-linked 
ffhns  by  potential  step  chronoamperometry.''  Cp  values  were 
calculate  by  dividing  the  moles  of  electroactive  oemium 
complex  (found  by  cyclic  voltammetry  at  1  mV/s)  by  the  fflm 
thickness.  Since  all  electrodes  were  prepared  with  the  same 
amount  of  osmium  redox  polymer,  they  were  assumed  to  have 
the  same  Him  thickness  of  0.7  >an  based  on  a  density  of  1 
g/cm^.  There  was  substantial  scatter  in  the  data,  suggesting 
that  there  was  no  discernible  trend  in  the  dependence  of  D,Cp^ 
on  cross-linking  (Table  I).  D.  was,  however,  higher  in  the 
PVIg-Os  polymer  films  than  in  the  cross-linked  POs-EA  films 
by  a  factor  of  5.^  D,  was  higher  and  nearly  identical  for  PVIs- 
Os  and  PVIj-Os  films  and  lower  for  PVTiq-Os  films. 

Effects  of  Ionic  Strength  and  pH  on  the  Electron 
Diffusion  Coefficients.  As  seen  in  Figure  3,  D,Cp^  decreased 
with  increasing  NaCl  concentration  through  the  ^20(X)  mM 
range.  Specifically,DeCp^decteasedby~50%  whentheNaCI 
concentration  was  raised  from  88  to  1000  mM  NaCL  The 
anions  screen  the  cationic  charges  on  the  polymer  and  thereby 
reduce  the  electrostatic  repulsion  that  straightens  the  chains. 
When  the  electrostatic  repulsion  is  reduced,  the  chains  assume 
an  entropically  favored  randomly  coiled  configuration,  Le., 
the  chains,  which  are  reasonably  strai^t  at  low  ionic  strength, 
ball  up.  When  the  chains  are  straight,  most  of  their  redox 


(7)  Murray,  R.  W.  In  Electroanalytical  Chemistry;  Bard,  A  J.,  Ed.; 
Marcel  Dekker  New  York,  1984;  pp  191-368. 
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Table  L  Effeeta  of  tbe  Extrat  of  Cwoo-I.iakiBg  and  Redox 
Site  Denaity  on  HXV 


%  peg  400 

PVIrOs 

PVI»-09 

PVlio-Os 

D,Cp*  (xiOi*  md*  cm-*  s"*) 

20.0 

18.7 

15.3 

1.21 

16.7 

26.6 

7.65 

3.46 

9.1 

38.2 

11.3 

9.92 

4.8 

36.0 

5.60 

3.51 

svgO,Cp» 

30.0  ±  9.0 

9.96  ±  4.27 

4.52  A  3.75 

D,  (XIO* 

cm*  8"*) 

20.0 

0.85 

2.34 

0.11 

16.7 

1.29 

0.86 

0.25 

9.1 

1.46 

1.55 

0.68 

4.8 

2.28 

0.57 

0.68 

avgD, 

1.47  ±  0.60 

1.33  A  0.79 

0.43  A  0.29 

NaCI  Concentration  /  mM 

Flgura  3.  Dependence  of  D,C,^  on  the  concentration  of  NaQ  for 
efectrodas  coated  witticros»M(edPVIio-Osflm  with  9.1%  pegAtX). 


pH 

Flguw4.  Dependence  of  on  the  pH  for  an  electrodes  coated 
with  PVI,o-Os  with  9.1  %  peg  400. 

centers  are  exposed  and  electrons  are  transferred  through 
ctdlisions  between  segments  of  nei^boring  chains.  When 
the  chains  ball  up,  only  their  exposed,  Le.,  surface,  redox 
centos  transfo  electrons  in  collisions  and  D,  is  reduced  Even 
though  Cp  increases  with  ionic  strength,  the  loss  in  D,  is  so 
great  that  D^Cp^  is  also  reduced^ 

Figure  4  shows  the  pH  dependence  of  D^Cp*  in  0.2  M  NaCL 
The  observed  decrease  in  DpCp^  at  pH  =  4  coincides  with  the 
pKpOfPVL’  As  the  P VI  is  deprotonated  the  repulsive  forces 
within  the  network  are  decreioed  and  the  mobility  of  chain 
segments,  which  ^iparently  control  electron  transport,  dim- 

(8)  DoniL  Y.;  Halkr.  KJ.Am.  Chem.  Soe.  1989,  111,  2357-2356. 

(9)  Tan,  J.  S.;  Sodior,  A.  R.  Pofym.  Prepr.  1979, 20, 15-18. 


rx  10* /mol  cm-* 

Figure  5.  Benzoquinone  permeafion  current  denaty  per  mamolar 
concentration  as  a  function  of  surface  coverage.  The  benzoquinone 
concentration  was  1.1  mM  arxl  the  scan  rate  used  was  5  mV/s.  QoU 
electrode  area  was  0.071  cm*,  and  the  reduction  currents  were 
measured  at  -0.5  V  (SCE). 

iniah.  The  pH  dependence  of  D,  was  similar  to  that  observed 
in  the  POs-EA-peg  400  system*-**  where  charging  of  the 
network  facilitate  electron  transfer.  In  PVI„-Os  networks 
swelling  at  low  pH  should  decrease  Cp.  Nevertheless,  the 
increase  in  D,  was  so  large  that  D,Cp*  still  increased 

Permeability  of  PVI„-Os-PeE  400  Hydrogels.  Perme¬ 
ability  of  the  hydrogels  to  water-soluble  substrates  and 
products  is  important  in  biosensor  applications.  For  the 
analysis  of  permeability,  p-benzoquinone  was  chosen  as  a 
model  compound  because  of  its  known  electrochemistry  and 
its  nonionic  nature.  The  diffusioxtal  and  kinetic  dbaracter- 
istics  of  benzoquinone  partitioning  through  an  electrode  film 
has  been  analyzed  by  &veant  et  aL,**  who  measured  limiting 
current  densities  for  rotating  disk  electrodes  and  obtained 
Koutecky-Levich  plots  for  polymer  film  electrodes.  Ben¬ 
zoquinone  is  reduced  at  pH  *  7  at  '<'0.2  V  negative  of  the 
redox  potential  of  PVI„-08**™,  i.e.,  at  a  potential  where 
benzoquinone  cannot  be  catalytically  reduced  by  PVIn-Os**. 
The  benzoquinone  electroreduction  current  duudties  were 
measured  as  a  function  of  osmium  loading  (Figure  5).  The 
current  densities  decreased  upon  increasing  osmium  loading 
morerapidly  than  they  did  in  POs-EA  films.  Across-linked 
PVIrOs  film  having  6.6  x  IQ-*  mol/cm*  osmium  sites  reached 
a  current  density  of  1.2  mA/  cm*  at  1  mM  benzoquinone,  vdiile 
a  POs-EA  film  with  9.7  X 10-*  mol/cm*  Os  sites  had  a  current 
density  of  2  mA/cm*  at  1  mM  benzoquinone.*  Apparently, 
ethylamine  groups  in  POs-EA  films  loosen  the  cross-linked 
structure. 

Steady-State  Amperometric  Glucose  Response  of 
Cross-Linked  PVI„-Os  Films  Containing  GOX.  The 
steady-state  electrooxidation  current  was  measured  at  1(XX) 
rpm  as  a  function  of  the  amount  of  enzyme  in  the  films  at  48 
mM  glucose  concentration,  well  above  the  of  the  electrodes 
(Figured).  Inelectrodesprepared  with  a  fixed  amount  of  10 
/ig  of  PVI„-Os  (n  =  3, 5, 10),  12%  400  (by  weight),  and 

O. 5-8  Mg  of  GOX,  the  current  densities  did  not  vary  with  the 
osmium  content  of  the  polymers,  the  sensor  response  being 
controlled  by  the  amount  of  enzyme.  The  currents  were 
highest  in  electrodes  containing  8  Mg  of  GOX,  corresponding 
to  39  wt  %.  In  a  series  of  electrodes  made  with  39%  GOX 

(10)  Aoid,  A;  Heller,  A  J.  Phys.  Chem.,  in  pteM. 

(11)  (a)  Andros,  C.  P.;  Hau,  O.;  Saveaat,  J.  M.  J.  Am.  Chem.  Soe. 
1986, 108, 8175-8182.  (b)  Andrieuz,  C.  P.;  Saveant,  J.  M.  J.  BleetroanoL 
Chem.  IMZ,  134, 163-166.  (c)  Andrienz,  C.  P.;  Domas-Boiieliiat,  J.  M.; 
Saveant,  J.  M.  J.  BleetroaneU.  Chem.  1982, 131, 1-35.  (d)  Andrieuz,  C. 

P. ;  Duffliw-Boachiat,  J.  M.;  SaveanL  3.  M.  J.  BleetroanoL  Chem.  1984, 
1^,  9-21.  (e)  Ledy,  Bud,  A  J.;  Malay,  J.  T.;  Saveant,  J.  M.  J. 
Bleetroanal.  Chem  1985, 187, 205-227. 
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Weight  %  GOX 

ngmt.  Dapandanoe of ttiB ImWng catalytic cwrant dansMy onthe 
GOX  woM  ftactkai  ter  PVI«-Oa  [/r  =  3  (dreias).  5  (squares).  10 
(triaiWlaa)]  croas-Inkad  wNh  12%  peg  400;  48  mM  ghicoaa.  1000 
rpm,  20  mM  phoaphala.  pH  ^  7.2.  air. 

and  CToe8>linker  concentrations  varying  between  2  and  22%, 
thehi^MBtcuirantdensitiea  were  observed  in  electrodes  made 
with  12%  cross-linker.  Above  68%  enzyme  content,  the 
current  densities  are  highest  for  PVIurOs,  the  polymer  having 
the  lowest  density  of  redox  centers.  Evidently,  electron- 
transferring  collisions  ofehains,  not  electron  hopping  between 
nei^iboring  sites,  now  limit  tlto  tran^rt  of  electrons. 

Glneoae  Diffusion  throucli  Cross-Linked  Films.  In¬ 
creasing  the  rotation  rate  from  100  to  2500  rpm  at  10  and  48 
mM  glticoae  concentrations  did  not  substantially  affect  the 
glucoae  electrooxidation  currents.  At  ImM  glucose  concen¬ 
tration  under  a  nitrogen  atmosphere,  the  current  decreased 
only  by  14%  when  the  rotation  rate  was  reduced  from  2500 
to  100  rpm.  As  will  be  discussed  later,  this  was  not  the  case 
when  the  solution  was  Oi  saturated.  The  absence  of  greater 
dependence  of  current  density  on  rotation  rate  suggests  that 
the  currents  were  controlled  primarily  by  a  process  within 
the  fihns  and  not  by  mass  tnmsport  to  Lite  films  at  >1  mM 
glucose.  Thus,&omthemeasuradl.2mA/cm*cunentdensity 
for  benzoquinone,  and  assuming  that  glucose  and  benzo- 
quinone  permeation  rates  do  not  differ  greatly,  oite  can 
cemdude  that,  unless  limited  by  the  activity  of  the  enzyme, 
the  current  density  is  limited  either  by  the  rate  of  electron 
transfer  to  the  redox  polymer  from  ^e  enzyme’s  FADHj 
carters  at  by  electron  diffusion  through  the  cross-linked 
polymer. 

Os  Effects  on  Glucose  Besponae.  The  steady-state 
glucose  response  is  shown  in  Figure  7  for  a  typical  cross- 
linlmd  electrode  (10  ug  of  PVIri^  8  ug  of  GOX,  and  2.5  ug 
of  p^  400)  under  Ns,  air,  and  Os  at  1000  rpm.  Evidently,  Os 
competes  effectively  with  PVIr  Os  in  the  oxidation  of  F/DH, 
centers. 

At  48  mM  ghicoee,  the  glucose  electrooxidation  current 
decreased  by  45%  edmi  the  bubbled  gas  was  switched  from 
Ns  to  Os.  At  2  mM  glucose,  the  decrease  was  76%. 
AiqMzently,  at  high  glucose  concentrations  the  Os  flux  is 
consumed  in  the  outer  laym  of  the  film,  while  a  substantial 
inbound  gfaicose  flux  survives  oxidation  by  Os  And  penetrates 
thofilm-  Cmisistently,  the  loss  in  current  upon  switching  the 
atmoqdiere&omNs  to  Os  was  reduced  not  only  athigh  glucose 
ccocentiations  but  also  when  tiiicker  cross-linked  films  were 
employed  or  idien  the  films  were  heavily  loaded  with  (30X. 
Furthermore,  iqion  decreasing  the  Os  flux  through  stipping 
the  1000  rpm  rotation  of  tlm  electrodes,  the  Orassodated 
Uus  diminished  (Figure  8).  The  glucose  electrooxidation 
current  at  >6  mM  glucoae  was  greater  when  the  electrode 
rotation  was  sttyped  because  of  tte  decrease  in  Os  flux  (Figure 
9).  Below  6  mMidocoee  the  behavior  was,  however,  normal; 


0  10  20  30  40  50 

Gluc(tee  Concentration  /  mM 

FtguraT.  Dependence  ofihe  steady  state  currant  density  on  the  tpioose 
concenlrallon  ter  die  same  etectrode  under  Ns  (circles),  air  (Wangles), 
and  Os  (squares).  Electrode  coated  with  10  |ig  of  PVIrOs.  8  ug  of 
GOX.  and  2.5  ug  of  peg  400;  at  KXX)  rpm. 


Glucose  Concentration  /  mM 

Figures.  Dependence  of  the  steedyetateewrentdensay  on  the  gfcicoee 
concentration  under  Ns  (circles),  air  (triangles),  and  (squares). 
Elecirode  coated  as  In  Figure  7.  Stagnant  sdulion  (no  rotation). 


Glucose  Concentration  /  mM 

FfgureS.  Dependence  of  die  steadyetate  current  density  on  the  glucoae 
ooncendatton  under  Os  at  1000  rpm  (squares)  and  under  stagnant 
oondWons  (circles)^  Electrode  coated  as  In  Figure  7. 

i.e.,  the  cunents  were  higher  for  the  rotating  electrode,  being 
dominated  by  glucose  flux. 

Dependence  of  the  Glucose  Besponae  on  Film  Thick¬ 
ness.  Electrode8withfilin8havingl.lxlO-A.9.7xlO-4moiy 
cm^  electroactive  osmium  were  studied.  For  this  experiment, 
ail  electrodes  were  prepared  with  a  constant  percentage  of 
PVIrOs  (49%),  GOX  (39%),  and  peg  400  (12%).  A  plot  of 
the  steady-state  glucose  electrooxidation  current  at  48  mM 
as  a  function  of  the  amount  of  osmium  in  the  enzyme/polymer 
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FIguralO.  Oapandenca  of  thsimilingcatalyliccunant  density  on  the 
amount  of  elecsoactiweoamium  in  the  enzyme/pofymerllm.  Electrodes 
were  prapafed  with  a  constant  percentage  of  PVIrOs  (49%),  QOX 
(39%),  and  peg  400  (12%).  CondUons  as  hi  Figure  6  with  48  mM 
gkioose. 


pH 

rigara  11.  Oependanoe  of  the  sleady.siate  currant  density  on  pH. 
Electroda  ooatsd  wMh  10  ftg  of  PVIrOs,  8  fig  of  QOX,  and  2.5  fig  of 
peg  400.  CondUons  as  hi  Figure  6. 

film  is  shown  in  Figure  10.  The  current  density  increased 
with  the  amount  of  osmium  in  the  enzyme/polymer  film.  The 
trend  seen  in  Figure  10  is  similar  to  that  observed  for  POs- 
EA.* 

pH  and  NaCl  Concentration  Dependence  of  the  Gln- 
coee  Electrooxidntion  Currents,  The  dependence  of  the 
current  density  on  pH  is  shown  in  Figure  11.  As  in  the  case 
of  P08-EA,i*  the  catalytic  current  peaked  at  and  was  nearly 
independent  of  pH  from  pH  *  7.5  to  pH  -  10,  in  contrast 
with  the  GOX-catalyzed  oxidation  of  glucose  by  Oi,  where  a 
narrow  pH  optimum  near  5.5  has  been  observed.  Current 
was  lost  irrevwsibly  at  pH  >10. 

The  dependence  of  the  current  density  on  NaCl  concen¬ 
tration  is  shown  in  Figure  12  for  a  10  mM  phosphate  buffer 
acdution  (pH  =  7.2).  The  highest  glucose  current  is  observed 
at  OmM  NaCl  with  an  onset  in  current  loss  occurring  at  100 
mMNaCL  As  diaciused  earlier,  at  high  NaCl  concentration, 
the  charge  on  the  catumic  polymer  is  screened.  This  causes 
cdling  (rf  the  redox  polymer,  prevents  its  conforming  to  the 
onxMiteiy  charged  enzyme  surface,  and  results  in  poor 
electron  transfer  from  tte  enzyme  to  the  redox  polymer.  A 
decrease  in  current  with  ionic  strength  has  been  reported 
earlin  for  a  similar  system.* 

Selectivity  against  Interferants.  Glucose  sensors  are 
ofhm  insuffidently  selective  when  operated  at  potentials 
where  urate,  ascmbate,  and  acetaminophen  are  also  elec- 

(12)  Katakis,  L;  Heller,  A.  Anal  Chem.  1M2,  «f,100e-10ia 
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Ffgwe  12.  Dependence  of  itie  steady-state  cunent  dansMy  on  NaCl 
concentration.  Electrode  coated  wtti  10  fig  of  PVIa-Os,  8  fig  of  QOX, 
and  2.5  fig  of  peg  400.  Ccrxllions  as  in  Figure  6. 
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Flgura13.  Dependence  of  the  steady  state  cwrentdensay  on  (picoae 
concentration  fet  the  presence  of  0.1  mM  asoortats  (squares)  and 
without  ascorbate  (circles).  Elecirode  coaled  wkh  40  fig  of  PVIrOs. 
32  fig  of  QOX,  and  10  fig  of  peg  400. 

trooxidized.  The  resulting  errors  can  be  reduced  by  mem¬ 
branes  that  preferentially  transport  glucoee.  Examples  of 
such  membranes  are  cellulose  acetate^*  and  Nafion.‘*  The 
effects  of  interferants  can  also  be  reduced  by  poising  the 
electrodes  at  more  negative  potentials,  where  the  rate  of 
interferant  electrooxidation  is  reduced.^*  Since  the  redox 
potential  of  PVIn-Os  is  cathodic  relative  to  that  of  POs-EA 
by  80  mV,  the  PVI„-Os  electrodes  are  more  selective.  When 
required,  glucoee  selectivity  can  be  further  improved  by 
nonelectrochemical  catalytic  preoxidation  of  the  interferants 
by  HrOr  in  an  outer  film  of  horseradish  peroxidase.** 

Figure  13  shows  a  glucose  calibration  curve  fm  a  thick-film 
electrode  (prepared  with  560  fig/cm*  PVIs-Os,  450  fig/cm* 
GOX,  and  140  fig/cm*  peg  4(X))  in  the  absence  and  presence 
of0.1mM  ascorbate.  Although  in  the  absence  of  glucose  the 
ascorbate  electrooxidation  current  was  high,  this  current  was 
small  with  >2  mM  glucose.  The  current  was  increased  by  the 
0.1  mM  ascorbate  at  6  mM  glucoee  by  9  % ,  corresponding  to 
a  4-0.5  mM  error  in  the  ^uoose  reading.  The  error  was  further 
reduced  when  the  glucose  concentration  was  increaseiL  Thus, 
at  20  mM  glucose,  theerror  was  only  2%.  The erriH' reported 
represents  the  change  in  overall  net  oxidation  current  t^n 
ascorbate  is  added. 

(13)  Lobel,  E.;  RishpoB,  J.  Anal.  Chem.  1881, 53, 51-53. 

(14)  Bindra,  D.  S.;  WibiHi,  G.  S.  Anal  Chem.  1988, 61, 2586-2570. 

(15)  Cass,  A.  E.  G.;  Davit,  G4  Ftandt,  G.  D.;  HiU,  H  A.  O.;  Aston,  W. 
J.;  Higgiiis,  L  J.;  PIotkiB,  E.  V.;  SeoO,  L  D.  L.;  Tiubh,  A.  P.  F.  Anal 
Chem.  1984,56,667-671. 

(16)  Maidaii.  R;  Heller,  A.  Anal  Chem.  1882, 64, 2889-2896. 
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FIgm  14.  Dependence  of  the  eteedy  etate  oxidedon  current  oi  0.1 
wMescorfaateWtnthlcfcnees.  Electrodee  prepared  e>llhPVlr08(49%). 
OOX  (39%),  and  peg  400  (12%).  CondWons  aa  in  Figure  8. 


Glucoae  Concentration  /  mM 

ngerelS.  Dependence  of  the  steady  etate  current  denaity  on  glucoee 
concentration  in  the  preeence  of  0.1  mM  ascoitete  (squares)  and 
wMhout  ascorbate  (cfedeB).  Electrode  coated  wtti  10  fig  of  PVIg-Os, 
8  fig  of  OOX,  and  2.5  fig  of  peg  400. 

When  the  glucose  electrodes  were  made  with  thick  PVIr 
Os  films,  the  ascorbate-  and  acetaminophen-caused  currents 
decreased  in  the  ahsence  of  glucoee.  Figure  14  shows  the 
change  in  ascorbate  current  with  film  thickness.  Interferants 
can  he  electrooxidized  mther  at  the  electrode  surface  (Jwad, 
at  osmium  redox  sites  iJoJ,  or  at  both.  Reduction  in 
interference  with  increasing  fflm  thickness  is  interpreted  as 
resulting  from  a  lesser  flux  of  ascorbate  to  the  carbon  surface 
(Le^  fimn  reduced  /nt)  and/or  from  a  decrease  in  ascorbate 
oxidation  at  the  outer  osmium  sites,  because  of  slow  electron 
diffusion.  Because  both  ascorbate  and  FADHj  are  oxidized 
byahmitednomber  of  Os™site8,/o«decreaaes  upon  increasing 
tk^ucoseconoentration.  AtOmMglucoee,theconcentration 


of  Os™  sites  is  the  highest  and /o>  is  largest  Upon  increasing 
the  glucose  concentratitm, /o(  decreases.  Note  that  if  ascor¬ 
bate  rather  than  a  FADHj  center  is  oxidised  by  an  Os™  center, 
then  the  glucoee  electro^datum  current  (/q)  is  decreased 
and  the  increase  in  Jo,  is  offset  by  the  decrease  in  /c. 

In  thin-film  electrodes  the  situation  is  quite  different  The 
glucose  response  is  shown  in  Figure  15  for  an  electrode  with 
a  thin  film  (140  fig/ cm’  PVIg-Os,  110  fig/ cm*  GOX,  35  fig/ cm* 
peg  400)  in  the  absoioe  and  in  the  presence  of  0.1  mM 
ascorbate.  The  ascorbate-related  current  increment  is  large, 
doubling  the  current  at  6  mM  glucose.  Evidently,  in  thin- 
film  electrodes  introduces  a  large  error.  The  oxidation 
of  ascorbate  is  stnmgly  rotation  rate  depeiulent  in  contrast 
with  the  glucose  electrooxidation  rate,  which  is  nearly 
independent  of  the  rotation  rate. 

Thick-film  PVI„-Os-based  glucoee  electrodes  were  also 
selective  againstacetaminoidben.  The  glucose  response  curve 
with  1  mM  acetaminophen  was  similar  to  that  shown  for  0.1 
mM  ascorbate.  The  addition  of  urate  caused,  however,  an 
initial  increase  in  oxidation  current,  followed  by  a  rapid  decay. 
Cyclic  voltammetry  confirmed  urate  electrooxidatKHi  by  Os™ 
sites  and  a  resulting  loss  in  the  surface  density  of  these  sites. 

CONCLUSIONS 

The  poly(vinylimidazole)-derived  redox  polymers  PVL- 
Os  fcmn  with  GOX,  upon  cross-linking  with  a  water-soluUe 
diepoxide,  hydrogels  that  are  permeable  to  glucoee  and 
through  which  electrons  diffuse.  The  polymer  is  simpler  and 
easier  to  make  than  the  earlier  reported  poly(vinylpyridine)- 
derived  POs-EA  and  does  not  require  modification  with 
primary  amine  for  croes-linking  with  a  diep^ixide  at  ambient 
temperature  in  an  aqueous  solution.  Electrons  diffuse 
through  the  gel  throughachainflexingdependent  mechanism; 
Le.,  the  rate  of  electron  diffusion  is  not  controlled  by  hopping 
between  neighboring  redox  sites  within  chains,  but  by 
collisions  between  segments  of  redox  polymer  chains.  Am- 
perometric  glucose  sensors  made  with  ttuck  PVL-Os-  and 
GOX-based  geb  are  reasonably  selective  in  their  glucose 
response  in  the  presence  of  the  electroxidizable  interferants 
ascorbate  and  acetaminophen. 
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The  apparent  electron  diffusion  coefficient  (f>«)  for  the  redox  polymer  POs-EA,  an  ethylamine  quatemized 
poly(4-vinylpyridine)  complex  of  [C)s(bpy)2Cll*/^‘‘‘  (bpy  =  2,2'-bipyridinc)  chloride,  has  been  measured  by 
steady-state  voltammetry  at  interdigitat^  array  (IDA)  electrodes.  In  cross-linked  POs-EA  De  decreased  upon 
deprotonation  of  the  pyridine  rings  at  pH  >  4,  upon  increasing  the  ionic  strength,  and  upon  replacing  the 
well-hydrated  cb'i.iride  counterion  by  the  less-hydrated  perchlorate  counterion.  In  moderately  cross-linked 
POs-EA  (5  wt  %  cross-linker)  D*  increased  from  4.5  X  ICh’  to  1 .6  X  ICH  cm^  s"'  when  the  pyridine  rings  were 
protonated,  but  in  highly  cross-linked  POs-EA  (25  wt  %  cross-linker),  where  the  motion  of  the  chain  segments 
was  restriaed,  Dt  was  independent  of  pH.  The  results  suggest  that  />«  increases  with  the  hydration  of  the 
cross-linked  redox  polymer. 


Intracjictioa 

The  transport  of  electrons  and  ions  through  redox  polymers 
has  been  the  subject  of  intensive  study  during  the  past  two  deikdes.* 
A  subgroup  of  these  materials,  consisting  of  redox  hydrogels 
formed  by  cross-linking  water-soluble  redox  polymers,  is  of 
particular  interest  in  the  context  of  biosensors.^'^  When  redox 
enzymes  are  integrated  in  the  cross-linked  polymer,  electrons  are 
transported  via  the  redox  polymer  network  between  the  enzymes’ 
reactive  centers  and  electrodes.  An  example  of  a  cross-linkable 
enzyme-connecting  redox  polymer  is  poly(4-vinylpyridine)  par¬ 
tially  complexed  with  osmium  bis(2,2'-bipyridine)chloride  and 
partially  quatemized  with  2-bromoethylamine,  (designated  POs- 
EA).^  The  dynamic  electron-relaying  properties  of  this  polyiTier 
are  of  importance  in  deHning  its  current  carrying  capacity  from 
enzyme  redox  centers  to  electrodes.  Realization  of  high-current 
density  electrodes,  made  with  thick,  enzyme-loaded  hydrogel  films, 
requires  that  both  electron  transport  and  subsuate/product  mass 
transport  be  rapid.  Water-soluble  substrates  and  products 
permeate  usually  rapidly  through  the  hydrogels,  where  their 
solubilities  and  Effusion  coefficients  approach  those  in  water. 
The  electron  diffusion  coefficients  in  diepoxide-cross-linked 
polycationic  POs-EA  hydrogels  depend  on  the  pH,  on  the  nature 
of  the  counterion  and  on  the  ionic  strength  of  the  contacting 
aqueous  solution.  Specifically,  electron  diffusion  increases  when 
the  polymer  network  is  charged  by  protonation  of  its  free  pyridines 
and  decreases  either  if  Cl~,  a  hydrophilic  counterion,  is  replaced 
by  ClOr,  a  less  hydrophilic  counterion,  or  when  the  ionic  strength 
is  raised. 

Transport  of  electrons,  i.e.,  self-exchange  between  identical 
redox  centers  of  POs-EA,  involves  both  charge  propagation  along 
the  polymer’s  backbone  (through  a  and  other  chemical  bonds) 
and  collisions  between  segments  of  the  folded  polymer.  The 
colliding  segments  may  be  spatially  in  each  other’s  proximity, 
even  if  separated  by  a  long  sequence  of  bonds.  When  propagating 
along  bonds  in  chains,  electrons  hop  between  neighlxiring  redox 
sites,  traversing  occasionally  cross-li^er  segments.  Such  hopping, 
while  possiUe,  results  in  a  much  longer  path  and  in  a  more  resistive 
route  than  the  combination  of  hopping  between  neighboring  redox 
sites  of  chains  and  electron-transferring  collisions  between  redox 
polymer  segments.  Electron  transport  involving  both  <r  bonds 
and  hq>iwg  through  space  together  accounts  better  for  observed 
electron-transfer  rates  in  proteins  than  either  electron  transfer 
exclusively  along  tortuous  o-bond  sequences  or  exclusively  along 
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the  shortest  route  where  electrons  propagate  by  jumping  across 
spaces  between  protein  segments.^  Because  the  rate  of  electron 
transport  along  bonds  of  a  polymer’s  backbone  decays  relatively 
slowly  with  distance,  but  the  tortous  electron  route  is  long,  while 
the  rate  of  electron  transport  between  chains  decay  rapidly  with 
distance,  but  the  electron  route  is  short,  an  optimum  must  exist 
where  the  resistances  along  the  backbone  and  collision  routes  are 
equal.  Segmental  motion  of  the  polycationic  polymer  backbone 
involves  significant  displacement  of  anions.^  Tte  balance  between 
electron  routing  along  redox  polymer  chains  and  routing  between 
chains  depends  on  the  flexibility  of  the  redox  polymer  backbone,' 
the  nature  of  the  redox  centers,'  and  their  density.'” 

The  transport  of  elearons  through  redox  polymers  is  measured 
by  their  apparent  electron  diffusion  coefficients,  Dc,  which  can 
be  measured  by  transient^  *"  and  steady-state'-'®-"'"  electro¬ 
chemical  methods.  The  transient  methods  included  cyclic 
voltammetry,^  chronoampcrometry,'*-’  chronocoulometry,'  and 
pulse  techniques."  Because  of  the  macroscopic  movement  of 
counterions  into  and  out  of  the  polymer  films  upon  oxidation  or 
reduction,  interpretation  of  the  measurements  requires  separation 
of  the  electronic  and  ionic  components  of  the  measured  response. 
Andrieux  and  Sav6ant  have  shown  that  the  mobility  and 
concentration  of  the  counterion  do  indeed  affect  the  transient 
response  in  films  that  are  highly  redox  site  loaded  and  that  the 
lesser  the  mobility  or  concentration  of  the  counterion,  the  more 
the  transient  current  is  affected  by  ion  migration.'^  The  need  for 
sorting  out  the  response  component  resulting  from  macroscopic 
ion  migration  is  avoided  in  steady-state  measurements;  sandwich,' 
rotating  ring-disk,"  and  interdigitated  array  (IDA)  electrodes""" 
were  all  used  for  such  measurements.  As  shown  by  Sav6ant," 
even  though  the  current  response  does  not  depend  in  these 
measurements  on  the  diffusion  coefficient  of  the  mobile  counterion, 
it  still  depends  on  microscopic  counterion  displacement.  Steady- 
state  voltammetry  is,  nevertheless,  the  method  of  choice  for 
measuring  in  redox  polymers.  Furthermore,  steady-state 
voltanunetry  with  IDA  electrodes  allows  direct  measurement  of 
De  and  has  the  advantage  of  not  requiring  knowledge  of  the  film 
thickness  or  of  the  concentration  of  the  redox  centers  in  the 
polymer."  If  the  spadngs  between  the  fingers  are  narrowed  to 
micron  dimensions  and  the  arrays  are  made  with  a  large  number 
(~  lO')  of  fingers,  then  De  can  be  measured  accurately  even  if 
it  is  much  smaller  than  the  coefficient  of  diffusion  of  ions  in 
liquid  soludons.  For  this  reason,  we  chose  for  measurements  of 
De  the  IDA-based  method  of  Murray  and  co-workers"  in  our 
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Electron  Diffusion  Coefficients  in  Hydri^els 
SCHEMEl 
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nims  made  by  cross-linking  the  water  soluble  POs-EA  with  water 
soluble  poly  (ethylene  glycol)diglycidyl  ether  (PEGDE).^ 

The  principle  of  steady-state  voltammetry  with  IDA  electrodes 
is  shown  in  Scheme  I.  In  the  generator-collector  experiment 
(Scheme  lA),  the  potential  of  the  electrode  on  the  left — the 
generator — is  swept  from  reducing  to  oxidizing.  The  collector 
(on  the  right)  is  maintained  at  a  fixed  sufficiently  reducing 
potential  to  collect  the  electron  vacancies  produced  at  the 
generator.  The  steady-state  concentration  profde  of  redox  sites 
through  the  zone  between  the  generator  and  the  collector  depends 
on  the  potential  at  which  the  generator  is  poised. 

The  total  charge  (Q)  of  the  electroactive  centers  is  obtained 
in  a  generator-generator  experiment,  shown  in  Scheme  IB.  Here, 
the  potential  is  swept  at  both  electrodes  so  that  the  polymer  is 
first  fully  reduced  then  fully  oxidized.  Integration  of  the 
voltammogram  yields  the  charge  Q.  Once  Q  is  known  D,  is 
calculated  by  eq  I , '  ^  where  /ss  is  the  steady-state  anodic  current 

plateau  reached  in  the  generator-collector  experiment,  i.e.,  the 
current  flowing  when  the  oxidizing  potential  on  the  generator  is 
sufficient  to  cause  the  current  to  be  limited  by  electron  diffusion 
to  the  collector;  w  is  a  correction  factor  for  microscopic  counterion 
displacement;'*  N  is  the  number  of  fingers;  w  and  gap  are  the 
finger  and  gap  widths,  respectively.  Equation  1  was  derived 
assuming  a  linear  concentration  gradient  between  the  generator 
and  the  collector  electrodes.  Microscopic  counterion  displacement 
and  dependence  of  the  local  polymer  fluidity  on  oxidation  state'* 
may  distort  the  linearity.  Simulations  by  Fritsch-Faulcs  and 
Faulkner'*  and  Goss  and  Majda'*  suggest  nonlinearity.  Fritsch- 
Faules  and  Faulkner,*"  who  experimentally  observed  linear 
concentration  profiles  in  quaternized  poly(4-vinylpyridine),  i.e., 
a  poly(4-vinylpyridinium)  matrix  wto  di^lved  FefCN)**-/^, 
on  individually  addressable  electrodes  in  microelectrode  arrays, 
explained  the  linearity  by  diffusion  of  Fe(CN)«^''*'  through  the 
contacting  solution.  Di^usion  of  Fe(CN)6*~^*~  in  the  polymer 
itself  could  not  account  for  the  linearity  observed.*"  Here  we 
shall  not  attempt  to  account  for  actual  or  possible  nonlinearity 
in  the  concentration  profile.  Rather  we  consider  the  De  values 
that  we  derive  as  an  average  for  the  concentrations  of  reduced 
or  oxidized  centers  between  the  generator  and  collector  electrodes. 
These  are  likely  to  differ  at  diflerent  points.  For  this  average 
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concentration  we  calculate,  from  fss>  6  and  the  geometry,  a  value 
of  the  apparent  D,. 

The  values  of  the  apparent  D«  that  we  obtain  in  hydrogels  may 
be  compared  with  values  obtained  by  Murray  et  al.*  for 
electropoiymerized  Os(bpy)2(vpy)2*+/*+  (bpy  =  2,2'-bipyridine, 
vpy  =  4-vinylpyridine)  and  Osfvbpyls**/**  (vbpy  =  4-methyl- 
4'-vinyl-2,2'-bipyridine).  These  osmium  complexes  had,  respec¬ 
tively,  two  or  three  vinyl  groups,  causing  extensive  cross-linking 
and  formation  of  rigid  matrixes.  Our  De  values  may  also  be 
compared  with  those  of  Oh  and  Faulkner,*  who  studied  poly(4- 
vinyipyridine)-based  systems  with  both  electrostatically  held  and 
coordinatively  attached  redox  centers  and  estimated  the  con¬ 
centration  of  redox  centers  in  their  dry  polymers  by  chronocou- 
lometry.  Our  study  of  effects  of  the  ionic  strength  on  D,  follows 
work  by  Anson  and  Sav£ant,*'  who  showed  that  in  polymers  that 
were  highiv  loaded  with  ions  and  had  lower  dielectric  constants, 
ionic  association  lowered  D,.  Study  of  the  POs-EA/PEGDE 
hydrogel  by  steady-state  voltammetry  at  IDA  electrodes  shows 
that  protonation  of  the  backbone  and  presence  of  the  hydrophilic 
Cl"  counterion — both  of  which  lead  to  hydration — increase  the 
apparent  De-  High  NaCl  concentrations  and  presence  of  the 
relatively  hydrophobic  CIO4'  counterion  decrease  the  apparent 
De-  Overall,  our  findings  agree  with  the  suggestion  that  De  is 
enhanced  when  motion  of  segments  of  a  redox  polymer  allows 
collisional  electron  transfer  between  segments.  Such  electron¬ 
transferring  collisions  evidently  shunt  the  longer,  equally  sig¬ 
nificant,  tortous  routes  involving  redox-site  to  redox-site  hopping 
of  electrons  along  the  backbone  of  redox  polymers. 

Experimental  Section 

Chemicals.  POs-EA  was  prepared  as  described.*'  The  polymer 
consisted  of  50  kDa  poly(4-vinylpyridine)  (PVP)  partially 
complexed  with  Os(bpy)2Cl2  (Os)  and  quaternized  with  2-bro- 
moetbylamine(EA).  ThePVP/Os/EAratiowas6:l:1.2.  Thus, 
63%  of  the  pyridine  group  were  not  quaternized.  The  diepoxide 
used  for  cross-linking  the  POs-EA  was  poly(ethylene  ^ycol) 
diglycidyl  ether  (Polyscience,  PEG400).  Ilie  experiments  were 
performed  in  a  (pH  =  7.0)  20  mM  phosphate  buffer  solution  with 
0.1  M  NaCl.  All  chemicals  were  reagent  grade  and  were  used 
without  further  purification. 

Apparatns.  A  Pine  Instruments  RDE-4  bipotenticstat  with  a 
x-y-y'  Kipp  and  Zonnen  recorder  was  used.  The  single¬ 
compartment  water-jacketed  electrochemical  cell  had  Pt  auxiliary 
and  saturated  calomel  electrode  (SCE)  reference  electrodes.  The 
experiments  were  carried  out  under  N2  at  room  temperature  (20 
±  1  "C). 

IDA  Electrodes.  The  IDA  electrodes  were  fabricated  by 
conventional  photolithograi^y  using  liftoff  of  a  positive  photoresist 
(Hoechst,  AZ 13S0J-SF).  Gold  was  sputter-deposit^  onto  the 
chromium-primed  glass  substrate  with  the  patterned  resist  as 
described  earlier.*"-**  The  IDA  consisted  of  100  (JV).  2.0-mm- 
long,  S.0-|tm-wide  fingers  (w),  separated  by  S.0-/un  gaps  (gap). 
Except  for  the  finger  area  the  electrodes  were  coated  with  ^e 
photoresist.  For  quality  control,  cyclic  voltanunograms  for  2.0 
mM  ferrocenecartexylic  acid  were  obtained  at  a  S.O  mV /s  scan 
rate.  The  voltammogram  shape,  the  steady-state  current,  and 
the  collection  efficiency  were  as  predicted  by  theory.** 

After  the  test,  IDA  electrodes  were  prepared  by  pipetting 
premixed  solutions  of  20  fiL  of  POs-EA  (S.O  mg/mL)  and  2.5 
tiL  of  PEGDE  (2.0  mg/mL)  onto  both  the  Anger  and  the  internal 
gap  areas  and  allowing  the  water  to  evaporate  at  room  temper¬ 
ature.  The  electrodes  were  then  left  to  cure  in  air  at  ambient 
temperature  for  24  h. 

Three  experiments  were  performed  on  the  POs-EA/PEGDE 
coated  IDA  electrodes  (Scheme  I).  In  the  generator-collector 
experiments  (Scheme  lA),  cyclic  voltanunograms  were  obtained 
by  scanning  the  potential  of  the  generator  fixun  0.0  (SCE)  to  0.6 
V  (SCE)  at  various  scan  rates,  while  maintaining  the  potential 
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Fitve  1.  Scan  rate  dqxndence  of  the  cyclic  voltammograms  for  POs- 
EA  crois-linked  with  S.O  wt  %  PEGDE  coated  on  IDA  electrodes,  at  an 
tOsfhpyljvpyCll*/**  site  coverage  of  T  »  9.fi0  X  10^  mol  cm*^  in  20 
mM  ^M^tote  buffer  at  pH  2.89  containing  0.1  M  NaCl.  Generator- 
coile^r  (solid  line),  generator-generator  (dotted  line)  voltammograms 
are  shown  for  (A),  5.0;  (B),  2.0;  (C),  1.0  mV  s'*  scan  rates. 

of  the  collector  at  0.0  V  (SCE).  In  the  generator-generator 
experiments  (Scheme  IB),  the  voltammograms  were  obtained  by 
scanning  the  potentials  of  both  IDA  electrodes  from  0.0  V  (SCE) 
to  0.6  V  (SCE)  at  various  scan  rates.  In  the  generator-open 
circuit  experiment  (Scheme  IC),  the  voltammogram  was  obtained 
by  scanning  the  potential  of  the  generator  from  0.0  V  (SCE)  to 
0.6  V  (SCE),  w^e  the  other  IDA  electrode  was  disconnected. 

Rcsahs  aad  DiaaBskm 

Electrochemical  Behavior.  Figure  1  shows  the  cyclic  volta- 
mmogranss  for  POs-EA,  cross-linked  with  S.O  wt%  PEGDE,  at 
various  scan  rates.  Thevdtammogramsofthegenerator-odlector 
experiments  are  shown  as  solid  lines  and  those  of  the  generator- 
generator  experiments  are  represented  by  dotted  lines.  The 
voltammograms  of  the  generator-generator  experiments  (dotted 
line)  exhibited  well-defined  surface  waves  at  boA  IDA  electrodes. 
The  waves  were  almost  symmetrical  and  the  peak  currents  were 
neariy  proportional  to  the  scan  rate.  Cyclic  voltammetry 
confirmed  that  the  [Os(bpy)2VpyCl]'''  centers  were  completely 
oxidized  both  on  the  fingers  and  in  the  internal  gaps.  Thecharge 
(Q)  of  the  POs-EA  polymer  coated  IDA  electrodes  was  calculated 
by  integrating  the  curroits  of  the  voltammograms  of  the 
generator-generator  experiments  which  equalled  9.26  ftC  and 
ooiresptmded  to  an  I08(bpy)2vpyCl]''’/^  coverage  of  9.60  X  10'* 
mol  cm~2  at  all  scan  rates. 

The  voltammograms  of  the  generator-collector  experiments 
(solid  lines)  show  that  a  steady-state  current  was  reached  at  0.6 
V  (SCE).  The  generator  voltammograms  differed  from  those  of 
the  cdlector  in  that  the  collector  voltammograms  were  sigmoidal 
atallofthescanrate.  Theshapesofthegeneratorvohammograms 
changed  with  the  scan  rate,  while  the  generator  current  equalled, 
at  a  given  potential,  the  sum  of  the  collector  current  of  the 
generator-coUectcr  experiment  and  the  current  of  the  generator- 
generauw  experiment.  Thus,  when  the  peak  current  in  the 
generatm-generator  experiment  reached  a  substantial  fraction 
of  the  steady-state  current,  the  generator  voltammogram  of  the 
generator-collector  experiments  also  showed  a  peak  (Figure 
1A3).  However,  when  the  peak  current  of  the  generator- 
generator  eiqienmait  was  small  relative  to  the  steady-state  current, 
thegenerattw  voltammogram  had  a  sigmmdal  shape  (Figure  1C). 
The  steady-state  current  was  that  expected  for  [Os(bpy)2vpyCl]''' 
oxidation  at  the  generator,  transport  of  electrons  through  the 
redox  polymer  and  rereduction  of  [Os(bpy)2vpyCl]2''’  sites  at  the 
collector.  Tbeanodiclimitingcurrentwasidenticaltothecathodic 
one,  and  the  limiting  current  was  independent  of  scan  rate.  The 
observed  hysteresis  between  forward  and  backward  potential 
sweeps  at  the  collector  electrode  was  caused  by  the  insuhiciency 
of  tune  for  establishment  of  steady-state  concentration  profiles 


(A)  Potential,  V  vs  SCE  (B)  Potantlal,  V  vs  SCE 


FigBe2.  Ionic  strength  dependence  of  cyclic  voltammograms  for  POs- 
EA  cross-linked  with  5.0  wt  %  PEGDE  coated  on  IDA  electrodes,  at  an 
IOs(bpy)2vpyCl)''’/*+  site  coverage  of  P  ■  1.93  x  IC*  m<ri  on'*  in  20 
mM  lAosphate  buffer  at  pH  7.0  and  at  1 .0  mV  sr>  scan  rate.  Generator- 
collector  (solid  line),  genoator-open  drcuit  (dashed  line),  generator- 
generator  (dotted  liiw)  voltammograms  are  shown  for  (A),  0.1  M;  (B), 
1.0  M  NaCl. 

at  the  applicable  scan  rates  and  the  hysteresis  decreased  when 
the  scan  rate  was  slower.  The  results  show  the  existence  of  a 
steady-state  Os**'*’/™*  concentration  profile  between  the  generator 
and  the  collector  electrodes  and  establish  that  charge  transport 
through  the  POs-EA  polymer  limits  the  current.  The  steady- 
state  current  is  expect^  however,  to  be  affected  by  microscopic 
counterion  di^lacement'*  and  to  be  slightly  in  excess  of  the 
electron  diffusion  current.  According  to  Sav6ant’s  themy,**  the 
value  of  the  correction  factor  w  is  1 .1 14  for  IOs(bpy)2vpyCl)'*’/**’ 
and  a  monovalent  counterirm,  such  as  Ch  or  ClOr.  However, 
the  theory  assumes  that  the  only  mobile  ion  in  the  fihn  is  the 
counterion  and  that  the  electroneutrality  of  the  film  is  maintained 
only  by  the  counterion.  This  assumption  is  valid  mly  for  perfect 
Donnanexclusimiofimis  from  the  film.  In  a  well-by^ted  open- 
network  redox  hydrogel,  the  supporting  elecmdyte  permeates 
the  film  and  allows  the  concentrations  of  the  ions  in  the  bulk  of 
the  solution  and  the  hydrogel  to  approach  each  other.  Thus,  in 
swollen  hydrogels  microscopic  counterion  transport  should  affect 
the  current  less  than  predicted  by  Saviant*s  theory,  and  that  w 
in  eq  1  should  approach  1.0.  For  w  =  1,  the  calculated  value  of 
Dc  is  1.6  X  10-*  cm^  s~’  at  pH  2.89.  As  pointed  out  earlier,  we 
do  not  account  for  spatial  mmlinearity  of  the  concentration  profile 
of  Os®*/™'*’  caused  by  the  variation  in  polymer  fluidity  with  the 
oxidation  state  of  the  redox  centers  in  the  gaps  between  the 
microanodes  and  microcathodes,”  and  the  calculated  /><  value 
represents  on  average  for  the  polymer  between  the  generate’  and 
the  collector. 

Effect  of  the  look  Strength  aid  Oe  Aasoaic  Species  on 
The  voltammt^rams  of  Figure  2  show  that  />«  depends  strongly 
on  ionic  strength.  When  the  concentration  of  NaCl  was  raised 
from  0.1  to  1.0  M,  Q  remained  constant  but  /ss  decreased. 
Moreover,  in  the  generator-open  circuit  experiment  (dashed  line), 
a  shoulder,  indicating  lateral  electnm  diffusion  between  tlK  fingers 
(Scheme  IC)  was  seen.  This  shoulder  is  a  consequence  of  the 
distance  between  two  fingers  ( I S  fim)  being  much  l^er  than  the 
film  thickness.  While  the  shoulder  was  sharp  in  0.1  M  NaCl,  a 
diffusional  tail  was  observed  in  1.0  M  NaCl.  D,  decreased 
logarithmically  with  the  NaCl  concentration  above  0. 1  M  NaCl 
(Figure  3  A).  Below  0. 1  M  NaCl,  where  the  ionic  strength  was 
controlled  by  the  20  mM  phosphate  concentration  and  not  by  the 
NaCl  concentration,  D,  was  constant.  Earlier  results  obtained 
by  transient  methods  suggested  that  D,  slightly  increases  with 
ionic  strength  at  a  constant  density  of  re^  sites  in  film.^^  The 
elective  density  of  redox  sites  would,  however,  change  if  the 
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Figm  3.  Effect  of  the  ionic  strength  on  the  electron  diffusion  coemcient 
(A)  and  the  half-wave  potential  of  the  PO$-EA  polymer  (B).  The 
conditiotts  are  the  same  as  in  Figure  2. 


change  in  ionic  strength  greatly  perturbs  the  microscopic  routes 
of  electron  transfer,  e.g.,  by  changing  the  local  dielectric  constant 
of  spaces  between  colliding  cationic  chains  segments  and  thus  the 
electrostatic  repulsim  between  these.  Since  steady-state  voltam¬ 
metry  using  IDA  electrodes  defines  apparent  average  D,  values 
for  the  actual  system,  without  adjustment  for  redox  site  con¬ 
centrations,  the  variation  in  the  eH'ective  density  of  redox  sites 
is  intrinscally  accounted  for.  Furthermore,  the  macroscopic  ion 
migration  effects  that  cannot  be  ignored  at  low  ionic  strengths 
in  the  transient  measurements  does  not  affect  the  steady-state 
measurements,  where  there  is  no  net  movement  of  ions  into  or 
out  of  the  Aims.  The  observed  decrease  of  Dc  with  increasing 
ionic  strength  may  be  caused  by  association  between  [Os(bpy)r 
vpyCl]'*'/^  centers  and  chloride  counterions.  For  NaAon  Alms 
with  only  electrostatically  bound  Os(bpy)3*'*^/’'*^  ion,  Anson  and 
Sav£ant2‘  suggested  a  model  involving,  at  high  ionic  strengths, 
charge  propagation  by  dissociation  of  ion  pairs,  electron  transfer, 
and  association  of  pairs.  This  model  is  applicable  for  low  dielectric 
ccmstant  domains  in  the  interior  of  NaAon.  Association  of  ions 
in  POs-EA  is  uncertain,  but  is  suggested  by  the  fact  that  the 
polymer  is  soluble  in  0.1  M  NaCl  yet  precipitates  from  1.0  M 
NaCl.  Association  of  ions  would  explain  the  decrease  by  20 
mV /decade  in  the  apparent  half-wave  potential  of  Os“'*’/™'^  upon 
increasing  the  NaCl  concentration  (Figure  A  59  mV/ 

decade  slope  was  measured  by  Anson  et  al.  and  was  explained 
as  resulting  from  Donnan  exclusion.^’  Because  the  swollen  cross- 
linked  POs-EA  hydrt^el  is  more  easily  permeated  by  both  anions 
and  cations  than  Anson’s  ion-exchange  resins,  that  were  designed 
to  exclude  either  anions  or  cations,  these  Donnan  exclusions  were 
incomplete  at  best  in  our  hydrogel. 

Figure  4  shows  the  cyclic  voltammograms  at  the  IDA  collector 
electrodes  at  0.1  M  NaCl  (A)  and  0.1  M  NaCI04  (B).  When 
the  hydrated  chloride  anion  was  replaced  by  the  hydrophobic 
perchlorate  anirni  that  is  not  hydrated,^  the  peak  current  decreased 
and  a  diffusional  tail  appeared  in  the  generator-generator 
experiment.  In  the  generator-collector  experiment  the  steady- 
state  current  decreases.  Both  indicate  sluggish  electron  trans¬ 
port.^-’*  Because  the  Stokes  radius  of  the  chloride  anion  is 
almost  identical  with  that  of  perchlorate  anion,^  the  polymer 
structure  need  not  be  changed  for  geometrical  considerations 
upon  substitution  of  the  anions.  Therefore,  the  distance  between 
the  sites  should  be  the  same  with  either  chloride  or 

perchlorate  as  the  counterion  in  the  polymer.  The  anion  changes, 
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Figve4.  Anion  dependence  of  the  cyclic  voltammograms  at  the  cidlector 
electrode  for  POs-EA  cross-linked  with  S.O  wt  %  PEGDE,  at  an 
[OsfbpyhvpyCl]'’'^^'’'  site  coverage  of  T  =  4.01  x  lO"*  md  cm-*  in  20 
mM  phoshate  buffer  at  pH  7.0  and  at  2.0  mV  scan  rate.  Generator- 
cdlector  (sdid  line)  and  generator-generator  (dotted  line)  voltammograms 
are  shown  for  (A),  0.1  M  NaCl;  (B),  0.1  M  NaClOs. 


Flgaic  5.  pH  dependence  of  the  cyclic  voltammograms  at  the  collector 
for  POs-EA  cross-linked  with  5 .0  wt  %  PEGDE,  at  an  [Os(bpy)  jvpya)'*'/** 
site  coverage  of  T  =  4.35  X  10-*  mol  cm-*,  in  20  mM  phosphate  buffer 
containingO.l  M  NaCl,  and  at  2.0  mV  r'  scan  rate.  Gmierator-coUector 
(solid  line),  generator-generator  (dotted  line)  voltammograms  are  shown 
fw  pH  (A),  2.0;  (B),  4.0;  (C).  7.0. 

however,  the  nature  of  the  polymer,  because  hydrophobic 
interactions  are  enhanced  by  the  perchlorate  anion.  Oh  and 
Faulkner*  reported  that  the  water  content  in  a  redox  polymer 
Aim  with  perchlorate  was  reduced  relative  to  that  with  chloride. 
Upon  replacement  of  Cl-  by  ClOr  the  half-wave  potential  of 
POs-EA  in  0.1  M  perchlorate  was  shifted  cathodically  by  40  mV 
to  0.245  V  (SCE).  This  shift  resulted  from  a  chwge  in  the 
equilibrium  constant  for  pairing  of  [Os(bpy)2vpyCl]'*f**’  catitm 
and  the  anion  or  from  a  related  change  in  the  solul^ty  of  the 
oxidized  redox  polymer.***-*’-**  In  the  ClOr  system  ion  pairing 
is  enhanced,  causing  POs-EA,  which  is  soluble  in  0.1  M  NaCl, 
to  precipitate  in  0.1  M  NaC104. 

Depeudence  of  D,  oa  pH.  Figure  5  shows  the  pH  dq)endence 
of  the  cyclic  voltammograms  for  the  collector.  The  steady-state 
current  decreased  with  increasing  pH,  while  the  total  charge 
remained  constant.  The  dependence  of  />«  on  pH  for  POs-EA 
cross-linked  with  5.0  wt  %  PEGDE  is  shown  in  Figure  6.  Z>e 
increased  from  4.5  X  Iff-’  to  1 .6  X  10-*  cm*  s-'  when  the  pH  was 
lowered  from  7.0  to  the  pK,  of  pyridine.**  The  protonated  and 
positively  charged  gel  visibly  expanded.  Although  the  expansion 
decreased  the  concentration  of  the  Os  sites,  segmental  motion  of 
the  polymer  was  facilitated  and  D,  increased. 

The  voltammograms  in  the  generator-generator  experiments 
(Figure  5,  dotted  lines)  also  changed  with  pH.  The  peak  currents 
increased  with  pH  and  the  peaks’  width  at  half-height  narrowed 
with  increasing  pH.  The  values  of  the  peak  currents  and  the 
peak  widths  at  half-height  are  summari^  in  Table  I.  At  pH 
2.0  the  peak  current  and  the  peak  width  in  the  anodic  vdtammetric 
wave  were  identical  with  their  theoretical  values.**  However, 
the  anodic  peak  current  and  the  peak  width  deviated  from  their 
theoretical  values  at  high  pH.  This  deviation  is  explained  by 
interaction  between  the  redox  species,  as  observed  earlier  in  other 
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FI|veA  pH  dependence  of  the  electron  diffusion  coefficient  of  POs-£A 
cross-linked  with  S.O  wt  %  PEGDE.  T  ^  4.33  X  10^  mol  cm'i,  20  mM 
phosphate  buner  containing  0.1  M  NaCl,  2.0  mV  r'  scan  rate. 


TABLE  I:  pH  Dependence  of  the  Peak  Cnrrent  and  the 
Peak  Width  at  Hatf-Hdght  of  Ae  Ano£c  and  the  CaOodic 
Warn 


pH 

peak  current,  nA 

peak  width,  mV 

anodic 

cathodic 

anodic 

cathodic 

2.0 

80 

72 

90 

95 

4.0 

84 

72 

85 

95 

5.0 

88 

68 

80 

90 

7.0 

100 

72 

75 

90 

theoretical 

80* 

90.6 

■  Vahie  calculated  from  F 

=  4.35  X  10-*  mol  cm"^ 

0  *  2.0  mV  s-' 

TABLE  IL  Effect  of  die  Extent  of  Cross-Linking  on  the 
Electron  Diffasion  CoetBdent _ 

_ OftCm^r' _ 

cross-linker,  wt  % _ pH  3.0 _ pH  7.0 

5  1.6  X 10^  4.3  X  10-» 

25  4.2  X  l(r»  3.2  X 10^ 

polymers.'’*"”  When  the  pyridine  nitrogen  of  the  POs-EA 
polymer  is  protonated  and  the  polymer  is  swollen  at  pH  2.0,  the 
distance  between  Os  sites  is  large  and  the  sites  do  not  interact. 
Because  at  pH  >  4  the  pyridine  nitrogens  are  not  protonated,  the 
pdymer  is  less  swollen  and  the  distance  between  the  Os  sites  is 
sm^  enough  for  the  sites  to  interact.  No  interaction  is  seen, 
however,  at  pH  2,  because  at  this  pH  the  oxidized  redox  polymer 
is  well  swollen. 

The  Dt  values  for  the  POs-EA  polymer  at  various  cross-linker 
concentrations  are  summarized  in  Table  II.  When  the  network 
was  made  with  5.0  wt  %  cross-linker  the  network  could  swell  at 
low  pH  and  D,  was  pH  dependent.  Dc  was,  however,  almost 
independent  of  pH  for  the  polymer  made  with  25  wt  %  cross¬ 
linker.  When  the  concentration  of  the  cross-linker  was  25  wt%, 
32  %  of  the  pyridines  in  the  polymer  were  cross-linked  with  the 
diepoxide.  At  such  extreme  cross-linking  the  polymer  did  not 
sw^  even  at  low  pH,  and  the  electron-transfer  affecting  segmental 
motion  of  the  polymer  backbone  was  restricted. 


Dg  decreases  with  increasing  ionic  strength  because  of  enhanced 
association  between  [Os(bpy)2vpyCl]'''/2''^  and  the  chloride  coun¬ 
terion.  Dg  also  decreases  when  the  hydrated  chloride  ion  is 
replaced  by  the  hydrophobic  perchlorate  ion.  Lowering  the  pH 
causes  swelling  of  the  cross-linked  POs-EA  Elms  yet  increases 
Dg,  probably  because  of  enhancement  of  electron-transferring 
collisions  between  chain  segments.  Deis  independent  of  pH  when 
POs-EA  films  are  highly  cross-linked  and  the  segmental  motion 
is  limited. 
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1.  Introductioii 

Proteins  and  glycoproteins  of  enzymes  behave  with 
respect  to  electron  transport,  but  not  ion  transport,  as 
go<^  electrical  insulators.  We  have  shown  that  these 
insulators  can  be  made  sufficiently  electron  conducting 
to  allow  the  flow  of  a  current  between  reaction  centers 
of  redox  enzymes  and  electrodes  equaling  or  exceeding 
the  current  associated  with  the  turnover  of  the  enzymes. 
In  order  for  such  a  current  to  flow  it  is  necessary  to 
introduce  into  the  en^one  proteins  or  glycoproteins 
fast  electron-relaying  centers,  so  as  to  reduce  the  elec¬ 
tron  transfer  distances  [1,  2]. 

2.  Methods  of  introducing  fast  electron  relays  into 
enzymes 

There  are  three  ways  by  which  fast  electron  relays 
can  be  introduced  into  an  enzyme;  (a)  covalent  bonding 
of  relays  to  the  enzyme’s  protein  [3-5];  (b)  covalent 
bonding  through  a  sufficiently  long  and  flexible  tether 
to  a  peripheral  oligosaccharide  of  a  glycoprotein  enzyme 
[6];  (c)  forming  complexes  between  enzyme  proteins 
and  redox  macromolecules  [1,  7]. 

2.1.  Covalent  attachment  of  electron  relays  to  enzyme 
proteins 

Relays  can  be  attached  to  lysine  amines  of  enzyme 
proteins  through  carbodiimide  coupling  with  carboxylic 
acid  derivatives  of  relays  [3,  4].  The  resulting  enzymes 
can  be  directly  and  continuously  electrooxidized  if 
reduced  by  their  substrates.  The  relay-modifled  enzymes 
retain  most  of  their  activity  and  selectivity.  For  example, 
glucose  oxidase  can  be  chemically  modifled  by  covalent 
attachment  of  13  ±2  electron-relaying  ferrocenes  to  its 
protein.  The  FADH2  centers  of  the  modifled  enzyme 
are  electrooxidizable  in  the  absence  of  diffusional  me¬ 
diators. 

2.2.  Covalent  attachment  of  tethered  electron  relays  to 
oligosaccharides  on  the  periphery  of  enzymes 

Periodate  oxidation  of  surface  oligosaccharides  on 
enzymes  produces  aldehydes.  These  form  Schiff  bases 


with  electron  relays  that  are  attached  through  tethers 
to  terminal  amines.  The  Schiff  bases  can  then  be  reduced 
with  sodium  borohydride  to  form  hydrolytically  stable 
secondary  amines.  Investigation  of  tethered  ferrocenes 
as  relays  shows  that  efficient  electron  relaying  requires 
sufficiently  long  tethers  for  the  relay  to  reach  the 
midpoint  between  the  reactive  centre  of  the  redox 
enzyme  and  its  periphery.  When  the  tethers  are  too 
short  electron  relaying  is  inefficient;  and  after  a  certain 
length,  further  lengthening  of  the  tether  does  not 
improve  the  electron-relaying  efficiency.  For  glucose 
oxidase  the  required  tether  has  11-13  carbon  atoms 
or  carbon  and  nitrogen  atoms  [6]. 

2.3.  Electron  relaying  through  water-soluble  redox 
macromolecules.  Electron  transport  in  enzymes:  redox 
polymer  conjugates 

Interaction  between  water-soluble  biomolecules  is 
common  in  nature  forming  the  basis  for  immune  re¬ 
actions,  DNA  replication  and  recognition  systems. 
Water-dissolved  enzyme  molecules  can  be  designed  to 
couple  to  appropriately  designed  water-soluble  redox 
macromolecules.  The  binding  may  involve  hydrophobic, 
ionic  or  hydrogen  bonding  interactions.  The  redox 
molecule  and  the  enzyme  protein  interpenetrate  in  the 
coupling  reaction.  As  a  result,  redox  centers  of  the 
enzymes  are  brought  into  electrical  contact  with  those 
of  the  electron-relaying  redox  macromolecules  [1,  7]. 

The  enzyme-complexing  redox  macromolecules 
are  polyelectrolytes  with  fast,  nitrogen-complexed 
[Os(bpy)2Cl]^^^  redox  centers.  The  backbones  can  be 
based  on  poly(vinyl  pyridine)  or  other  polymers  having 
complexing  functions.  An  example  of  such  a 
macromolecule  is  shown  in  Fig.  1. 

2.4.  Simple  biosensors  based  on  complexes  of  redox 
enzymes  and  redox  macromolecules 

When  an  enzyme-binding  redox  macromolecule  is 
adsorbed  on  or  attached  to  an  electrode  surface,  it  will 
complex  dissolved  enzymes  and  electrically  connect 
these  [7].  Thus  amperometric  biosensors  can  be  made 
in  a  process  involving  two  adsorption  and  rinsing  steps. 
Such  biosensors  have  a  rise  time  shorter  than  1  s. 
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n  =  1.  m  "  4,  p  “  1.2 

Fig.  1.  Example  of  an  electron-relaying,  enzyme-complexing  redox 
macromolecule. 

A  simple  biosensor  can  be  made  by  adsorbing  a 
polymer  similar  to  that  shown  in  Fig.  1,  but  with  a 
methyl  group  substituting  for  the  ethylamine,  on  a 
carbon  electrode,  rinsing  and  complexing  the  enzyme 
to  transiently  non-adsorbed  segments  of  the  electrode- 
adsorbed  redox  macromolecule.  For  such  complexing, 
the  redox  macromolecule  must  be  long  because  a  suf¬ 
ficient  number  of  adsorbed  segments  is  needed  in  order 
to  avoid  desorption;  yet  most  of  its  segments  must  be 
‘in  solution’,  i.e.,  transiently  desorbed,  so  as  to  complex 
and  penetrate  the  enzyme  protein  [1]. 


3.  Crossiinked  3D  electron-transporting  enzyme 
redox  polymer  networks:  electrical  Sriring’  of 
enqrmes 

The  enzyme  redox  polymer  adducts  of  Section  2.4 
can  be  crossiinked  if  the  polymer  of  Fig.  1  is  an  amine, 
or  if  its  segments  are  modified  with  carboxylic  acid 
functions. 

In  the  first  case,  the  amines  of  the  redox  polymer 
and  of  the  enzyme  can  be  crossiinked  with  a  bi-functional 
crossiinker,  such  as  a  diepoxide.  In  the  second  case 
the  carboxylic  acids  can  be  esterified  to  form  reactive 
iV-hydroxysuccinimides.  The  latter  react  with  lysine 
amines  of  the  enzyme,  the  enzyme  acting  as  a  crosslinker 
of  the  redox  macromolecule  [8]. 

3.1.  Emyme-wiring  redox  epoxy  hydrogel  networks 

The  redox  pofyamines  of  Section  3  can  be  crossiinked 
with  a  water-soluble  diepoxide,  such  as  polyethylene 
glycol  diglycidyl  ether,  that  does  not  complex  either 
the  enzyme  or  the  redox  macromolecule  [9,  10].  This 
is  important  because  complexing  of  either  component 
can  lead  to  the  break  up  of  the  complex  in  which  the 
enzyme  is  ‘wired’.  The  polyethylene  glycol  diglycidyl 
ethers  used  are  of  400-600  daltons.  Their  chains  are 


flexible  and  well  hydrated.  With  both  the  enzyme  and 
the  redox  polymer  being  water  soluble,  a  hydrogel  is 
formed  upon  crosslinking.  This  hydrogel  is  not  only 
permeable  to  the  substrate  and  the  product  of  the 
enzyme-catalyzed  redox  reaction,  but  also  has  an  elec¬ 
tron-transporting  polymer  network.  Consequently,  the 
substrate  and  product  diffuse  easily  to  and  from  the 
network-bound  enzyme,  while  the  network  electrically 
connects  the  redox  centers  of  the  bound  enzymes  to 
electrodes.  The  current  densities  and  sensitivities  of 
the  resulting  biosensors  are  high:  current  densities  in 
excess  of  10  A  cm“^  are  observed  and  sensitivities 
teach  0.1  A  cm”^  M“*. 

3.2.  Miniaturization  of  amperometric  biosensors 

The  enzymes  in  the  redox  epoxy  hydrogels  are  well 
‘wired’,  i.e.,  the  electrons  associated  with  their  turnover 
are  efficiently  collected  at  the  electrodes.  In  Faraday 
cages  we  have  observed  the  turnover  of  as  few  as  300 
enzyme  molecules. 

In  practical  applications  biosensors  must,  however, 
function  in  an  environment  with  electromagnetic  noise. 
The  noise  equivalent  currents  in  our  laboratoiy  are 
near  10"”  A.  Thus,  unless  the  biosensors  are  operated 
in  Faraday  cages,  the  currents  must  exceed  10"*“  A. 
For  this  reason  our  practical  microsensor  tips  are  min¬ 
iaturized  to  7  pm  diameter,  but  not  less.  Electron 
transport  to  these  tips  is  radial  and  current  densities 
in  excess  of  3  mA  cm"^  are  observed  at  high  substrate 
(e.g.  glucose)  concentrations  [11]. 


4.  Elimination  of  interferants 

Biosensors  are  only  imperfectly  selective,  because 
non-enzyme-catalyzed  electrode  reactions  may  also  take 
place.  Hius,  on  anodes  poised  positive  of  the  redox 
potential  of  the  enzyme-wiring,  redox  macromolecule 
biological  fluid  constituents  such  as  urate,  ascorbate 
and  acetaminophen  may  also  be  electrooxidized.  Their 
electrooxidation  currents  add  to  and  distort  the  true, 
substrate-associated  current. 

To  eliminate  the  electrooxidizable  interferants  we 
use  the  very  fact  that  they  are  easy  to  oxidize.  Specifically, 
the  interferants  are  rapidly  oxidized  by  hydrogen  per¬ 
oxide  in  the  presence  of  horseradish  peroxidase,  llius 
ascorbate,  urate,  acetaminophen  and  other  interferants 
are  quantitatively  eliminated  in  immobilized  horseradish 
peroxidase  overlayers  on  enzyme  electrodes  that  are 
electrically  insulated  from  the  sensing  layer.  The  fluid 
reaching  the  sensing  layer  is  stripped  of  all  interferants, 
while  species  detected  such  as  lactate  or  glucose  are 
not  oxidized  [12]. 
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5.  Miniature  flexible  physiological  lactate  sensor 

The  concepts  of  3D  wired  enzyme  hydrogels  and 
interference  elimination  have  been  implemented  in 
biosensors  of  which  a  miniature  physiological  lactate 
sensor  is  an  example.  The  sensor  is  0.3  mm  in  diameter, 
consisting  of  300-500  carbon  fiber  tips  [13].  The  fibers 
are  epoxy-embedded  and  are  contained  in  a  0.3  mm 
diameter  biocompatible  polyimide  tubing.  The  ensemble 
of  epoxy-embedded  fiber  tips  is  coated  with  the  redox 
epoxy  hydrogen  containing  lactate  oxidase.  This  sensing 
layer  is  then  coated  with  an  electrically  insulating  layer 
made  of  poIy(vinyl-imidazole),  crosslinked  with  ethylene 
glycol  diglycidyl  ether.  The  top  overlayer  contains  two 
co-immobilized  enzymes:  glucose  oxidase  and  horser¬ 
adish  peroxidase  (Fig.  2). 

The  physiological  fluid,  e.g.  blood,  contains  glucose 
and  oxygen.  Glucose  is  oxidized  by  oxygen  in  the  glucose 
oxidase  and  horseradish  peroxidase  containing  overlayer 
in  a  reaction  generating  gluconolactone  and  hydrogen 
peroxide.  The  hydrogen  peroxide  generated  oxidizes 
the  horseradish  peroxidase,  that,  in  turn,  oxidizes  and 
eliminates  all  the  electrooxidizable  interferants,  but  not 
lactate.  The  sensing  layer  sees,  therefore,  a  preoxidized 
stream  from  which  the  interferants  are  stripped.  The 
electrode  is  then  overcoated  with  a  biocompatibie  film. 
The  electrode’s  sensitivity  is  2.5X10“^  A  cm"^  M"‘. 
It  can  be  stored  at  4  °C  for  four  months  with  no 
measurable  change.  Its  10-90%  rise  time  is  1  min.  If 
periodically  recalibrated,  the  electrode  can  be  used  for 
lO’  lactate  measurements. 


Acknowledgements 

The  work  was  supported  by  the  National  Institutes 
of  Health,  National  Science  Foundation,  Office  of  Naval 
Research  and  Robert  A.  Welch  Foundation. 


CartxHi  fiber  array 
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I  lyikopen  peroiMe  li  eHIclenMy  electioierf'‘**t**  it  nn  elecliode 
modMIed  wWi  a  hydropMk,  permeabla  fim  of  tioraeradWi 
peroxMaea  (HRP)  eovalantiy  bound  to  a  3-dbnenelOfial  epoxy 
network  having  polyvinyl  pyridine  (PVP)-eontplexed 
[Oe(bpyM!l]*^^iodoxeenlore.  TheaentdlvItyoftheroeulUiig 
HiOa  cathode  at  0.0  V  (8CC)  la  1  A  em~*  M~*.  Ita  eurrenl 
Increaaea  Inearly  wNh  HiOi  concentration  bi  the  1  X  10~^-2 
X  10^  M  range.  ReMed  IIAO(P)H  cathodea  are  baaed  on 
atolchlonietrichomoganeoua  reduction  of  Oi  to  HsOi  by  NADH 
or  NAO(P)H.  The  reduction  Involvea  two  known  atepa.  In 
the  llrat  atep^  IIA1>(P)H  tranafera  two  alectfona  and  a  proton 
to  a  tOaaolvad  quki^  The  qubtoMo  are  typlcaly  derived  of 
phenazbiaa;  however  phanothlazbie  and  phanoxaxbM  darlv- 
atlvaaarealaouaaAd.  Intheaacondatep.twealaettonaand 
a  proton  are  tranaferred  from  the  reduced  qubioki  to  Oj.  Thia 
reaction  produoeaHaOt  and  the  original  qubwld.  Becauaatha 
two  reactione  are  quantitativo,  the  aenaittvtty  and  the  Rnear 
range  of  the  reaultbig  NAOH  and  NAOPH  alectrodea  are 
Identical  wWi  thoae  of  the  HsOa  electrode,  1  A  cm~*  IT'  and 
1  X  10-^-2  X  10-*  M.  reapecOvely. 


INTRODUCTION 

Selective  electrooxidation  of  NADH  and  NADPH  cofactore 
(reaction  1)  of  enzymes  allows,  in  principle,  amperometric 
assay  of  a  substantial  number  of  biochemicals.  When  the 

NAD(P)H  — NAD(Pr  +  2e  +H^  (1) 

elecirooxidation  products  are  the  cofactots  NAD*^  or  N  ADP^, 
these  can  be  enzymatically  rereduced  and  electrocatalytic 
enzyme  electrodes  can  be  made.  The  reversible  potential  of 
theNADH/NAD+coupleis-0.56V(SCE)atpH7.i  Because, 
the  reaction  involves  the  concerted  transfer  of  two  electrons 
and  a  proton,  it  is  usually  slow,  proceeding  at  practical  rates 
on  most  electeodes  only  at  high  overpotentials.  Atthesehigh 
overpotentials  reaction  products  of  NADH  and  other  con¬ 
stituents  of  biological  fluids  that  are  also  electrooxidized 
interfere  with  the  amperometric  assays  of  NAD(P)H.^^ 
Following  Elving’s  definition  of  this  problem,^  several  groups. 
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particularly  those  of  Miller,'  Gorton,'^  and  Kulys.^^^’ 
developed  electrodes  on  which  i  .action  1  proceeds  rapidly  at 
low  overpotentials.  The  most  successful  electrodee,  of  wUch 
Ciorton’s  phenoxazine-derivative  and  Kulys’  phenazine-baaed 
electrodes  are  example8,‘‘~'^  utilize  electrode-bound,  elec¬ 
trode-adsorbed,  or  freely  diffusing  mediators  having  quinoid 
structures  in  their  oxidized  state.  The  quinoids  effectively 
catalyze  reaction  1  at  potentials  near  0.0  V  (SCE). 

Here  we  consider  a  more  complex  but  nevertheless  very 
fast  and  efficient  set  ofcoupled  reactions  for  the  ampmometric 
assay  of  NAD(P)H.  The  first  is  a  homogeneous  solution 
reaction,  exemplified  by  (2),  where,  as  in  the  electrode 

PMS"^  +  NADH  —  PMSH  +  NAD"^  (2) 

reactions  of  Miller,  Kulys,  and  Gorton,  two  electrons  and  a 
proton  are  transferred  from  NAD(P)H  to  a  quinoid  mediator. 
A  particularly  effective  mediator  is  the  water-soluble  0- 
methylphenazonium  cation  (PMS*^)  which  is  quantitatively 
reduced  by  NAD(P)H  to  5-methy^henazine  (PMSH).  PMSH 
is  next  reoxidized  to  PMS*^  by  dissolved  molecular  oxygen 
whichis,inturn,reduced to H202 (reactions).  Withreactions 

PMSH  +  O2  +  —  PMS^  +  H2O2  (3) 

2  and  3  being  quantitative,  each  mole  of  NAD(P)H  produces 
lmolofH202.  H202i8  then  assayed  through  electroreduction 
on  the  “wired”  peroxidase  electrode  (reaction  4).  Several 


H2O2  +  2e"  +  2H^  —  2H2O  (4) 

previously  reported  detection  schemes  for  NADH  and  H'  A  .  - 
PH  have  utilfred  reactions  2  and  3,  amperometrically  sensing 
the  depletion  of  oxygen^'''^^  or  spectrophotometrically  mea- 
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TaM«  I.  Ampwonwtric  H|Oi  8<mor«  B— eJ  on  HBP-Modifled  Electrodes 


electrode 

surface 

mediator  or 
redox  matrix 

electrode 

potential" 

sensitivity 
(A  cm"* 
M-«) 

linear 

range 

(mM) 

comments 

ref 

glassy  carbon 

none 

0.0 

10-* 

HRP  covalently  bound  to  a  hydrophilic 
epoxy  network;  polyvinylpyridine-derived 
polyamine  croes-linked  wi^  PEGDGE 

this  work 

glassy  carbon 

polymarl 

0.0 

1 

0.1-100 

H^  covalently  bound  to  hydrophilic 
epoxy  network;  polymer  I  croesiinked 
with  PEGDGE 

this  work 

spectrographic 

none^ 

0.05 

0.175 

0.1-500 

BSA  with  glutaraldehyde  cross-linking 

36 

graphite 

carbon  paste 

o-phenylenediamine' 

-0.15 

NA* 

3.1-200 

butanone  peroxide  used  as  the  substrate 

37 

Pt 

hexacyanoferrate  (0.01  M)** 

-0.05 

e 

5-1700 

HRP  immobilized  onto  a  Nylon  net 

38 

NMP+TCNQ- 

none^ 

0.05 

0.168 

HRP  entrapped  with  dialysis  membrane 

39 

SnOt 

ferrocenecarboxylic  acid^ 

0.2 

0.04 

0.01-1 

HRP  immobilized  with  glutaraldehyde 

40 

carbon  paste 

ferrocene^ 

0.05 

NA‘ 

0.1-10 

Nafion  coating  applied  to  the  electrode 
to  prevent  loss  of  mediator 

41 

graphite  foil 

potassium 

hexacyanoferrate(II)^ 

-0.02“ 

0.03 

<600 

electrolyte  was  dioxane  with  15% 
aqueous  buffer 

42 

carbon  fibeir 

Pt,  organic  metal. 

none 

potassium  ferrocyanide 

h 

i 

40-5000 

biothVavidin  complex  used  to  obtain  a 
surface  layer  of  HRP 

membrane  with  albumin  and  glutaraldehyde 

43 

44 

or  glassy  carbon 

spectrographic 
graphite  or 
carbon  film 

bexacyanoferratedl)'* 

0.0 

e 

0.1-1000 

HRP  immobilized  on  arylamino-derivatized 
controUed-pore  glass,  packed  into  a  flow¬ 
through  reactor 

45 

aminoailylated 
glassy  carbon 

hexacyanoferratedl)*' 

0.0 

i 

glycerophosphate  oxidase,  HRP,  and  BSA 
covalently  cross-linked  on  the  glassy 
carbon  surface 

46 

glassy  carbon 

hexacyanoferratedi)** 

0.0 

i 

albumin,  glutaraldehyde,  HRP,  and 
oxidase  (xanthine,  uricase,  glucose) 
matrix  held  close  to  the  electrode  with 
a  dialysis  membrane 

47 

gold  or  graphite 

several* 

k 

2.0# 

0.05-6' 

HRP  ffM  in  solution 

48 

*  Potential  va  SCE.  ^  Macroporoua  electrode.  The  true  surface  area  is  unknown.  ‘  Uncertainty  as  to  whether  the  surface  species  created 
during  electrode  pretreatment  are  mediating.  *  Freely  diffusing  mediator.  •  Flow  system,  f  Probably  mediated  by  the  soluble  component  of 
the  organic  metal  or  the  reaction  product  of  the  organic  metai  •  Microelectrode.  ^  Cyclic  voltametry  used  to  provide  selective  detection  of 
oxygen  generated  by  autocatalytic  decomposition  of  hydrogen  peroxide. '  HRP  incorporated  into  a  bienzyme  system,  i  Best  reported  result 
for  ferrocenemonocarboxylic  acid.  *  mediators  used  and  redox  potential:  (Ru(NH3)spy](C104)3  ^  +2B,  CpFeC^Hn  ■  -8.0,  l.l'-dimethyl- 
3-(2-aminoethyl)ferTocene  *  +75,  (2-aminoethyl)ferrocene  •  +185,  ferrocenemonocarboxylic  add  »  +275,  (aminomethyl)ferrocene  *  +309 
mV. 


suring  the  H2O2  generated.'^^‘  We  now  add  to  these 
amperometric  reduction  of  H202  on  peroxidase,  electrically 
connected  (wired)  through  a  permeable  S-dimensional  redox 
polymer  network  to  an  electrode.  Several  horseradish  per¬ 
oxidase  modified  diffusionally  mediated  and  mediatorless 
type  electrodes  have  been  earlier  described.  Their  charac¬ 
teristics  are  compared  with  the  wired  HRP  electrode  in  Table 
I. 

In  the  wired  HRP  electrodes  electrons  from  the  electrode 
are  relayed  to  the  enzyme  through  a  redox  epoxy  network  to 
which  the  enzyme  (lOlP)  is  covalently  bound.  The  centers 
consist  of  [Os(bpy)2Cl]®+/**,  complexed  to  polyvinylpyridine. 
The  HRP  and  ^e  redox  polymer  are  cross-linked  into  a 
3-dimensional  epoty  network  with  a  water-soluble  diepoxide. 
In  earlier  papers  we  showed  that  the  resulting  redox  epoxy 
accepts  electrons  from  subetrate-reduced  enzymes,  relaying 
these  to  electrodes.  Here  we  show  that  the  network  also 
relays  electrons  in  the  reverse  direction  from  the  electrode  to 
a  boimd  enzyme.  Network-bound  HRP  is  efficiently  elec- 
troreduced  at  0.0  V  (SCE),  and  H2O2  is  detected  with  1  A 
cm~^  sensitivity.  Because  NAD(P)H  concentrations  are 
stoichiometricaUy  translated  to  H2O2  through  reactions  2  and 
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Figure  1.  Cotnposltkm  of  the  electron-relaying  redox  polymer  (m  > 
1;  /)  =  3.35;  o  =>  0.6).  After  cross-McIng  with  PE(3DGE,  It  forms  a 
3-dknenslonal  network  that  Is  able  to  relay  electrons  to  covalently 
bound  HRP.  The  polymer  Is  referred  to  as  polymer  I. 

3,  these  cofactors  are  also  detected  at  the  same  potential  with 
the  same  sensitivity. 

EXPERIMENTAL  SECTION 

Reagents.  Hcnseradish  peroxidaBe  (HRP)  E.C.  1.11.1.7  (Sigma 
P-8375  Type  VI,  260  units/mg)  was  used.  Poly(ethylene  glycol 
600 diglycidyl  ether),  technical  grade  (PEGDGE)  was  purchased 
bom  Polysciences  (Catalog  No.  8211).  The  osmium  redox 
polyamine  (polymer  I,  Figure  1)  was  synthesized  as  described 
previously.^  NADH  and  NADPH  were  purchased  from  Sigma 
(340-110  and  N-1630,  respectively).  5-Methylphenazonium 
methyl  sulfate  was  from  Aldrich.  Other  mediators  were  from 
Aldrich  or  Sigma.  All  chemicals  were  used  as  received. 

Electrode  Construction  and  Preparation.  Rotating  disk 
electrodes  were  made  of  a  1-cm  length  of  3-mm-diameter  vitreous 
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Potenlial  vs  SCE,  mV 

nguraS.  CydcvotamnogramofavilraouBcartionalaclrodamodMIad 
vMi  lh»  ScMH  baaa  tarmM  of  palyaidahyd»-4ffIP  and  polyinar  I  miMoU 
[Os(bpy)ja]^^^  electroo-falaying  oontars.  addHfonaly  croas-inkad 
wWiPECDGE:  IA)noH202:<B)0.1  mMHiO}.  CondMom:  aaratadpH 
7  physiological  phoaphata  buftar  (PBS)  aoMion;  scan  rats  2.5  mV  s*’; 
500  rpm. 

carbon  rods  from  Atomergic  Chemicals  Corp.  These  were  press- 
fitted  into  one  end  of  a  Teflon  sleeve.  The  opposite  end  of  the 
sleeve  had  a  press-fitted  stainless  steel  rod  th^ded  to  match  a 
Pine  rotator.  Electrical  contact  between  the  vitreous  carbon  and 
stainless  steel  rods  was  made  with  a  silver  epoxy  Epo-tek  H20E 
from  Epoxy  Technology  Inc.  The  electrodes  were  polished  first 
with  6-nm  then  with  l-fim  diamond  suspension,  followed  by  0.3- 
(imalumina.  The  polishing  compounds  were  from  Buehler.  After 
each  polishing  step,  the  electives  were  sonicated  3-6  min  in 
deionixed  water. 

EnxyBM  InuBobiliaatioB.  HRP  (2  mg)  was  dissolved  in  100 
mL  of  0.1  M  sodium  bicarbonate  solution.  After  the  addition  of 
60  mL  of  12  mg/mL  sodium  periodate,  the  enzyme  solution  was 
incubated  in  the  dark  for  2.3  h.  A 10  mg/mL  solution  of  polymer 
I  was  used  to  dilute  aliquots  of  the  enxyme  solution  to  make 
enzyme:  polymer  I  solutions  of  various  ratios  (1:5, 1:10, 1:50, 
1:100).  A  1-aL  loading  of  enzyme:  polymer  I  solution  was  applied 
to  the  policed  vitreous  carbon  surface.  The  electrodes  were 
allowed  to  partially  dry  for  5-15  min,  after  which,  1  mL  of  a  1 
mg/mL  solution  of  PEGDGE  was  applied.  The  electr^es  were 
then  cured  in  water-saturated  air  at  room  temperature  for  >4  h. 

Electrodes  were  also  made  by  coimmobilizing  the  NaI04- 
oxidized  HRP  with  a  polyamine  that  had  no  redox  centers.  This 
polyamine  was  obtained  by  reacting  polyvinylpyridine  (PVP) 
(MW  60  000)  with  2-bromoetbylamine  to  form  the  pyridinium- 
N-ethylamine  derivative.  It  is  thus  similar  to  polymer  I  but  has 
no  [08(bpy)]Cl]*^/^  redox  centers.  The  HRP  was  cross-linked 
to  ^  polyamine  using  PEGDGE  through  the  above  described 
process. 

Buffers,  Electrodes,  and  Electrochemical  Equipment. 
The  electrodes  were  operated  at  room  temperature  in  modified 
Dulbecco’s  buffer  (PBS)  at  pH  7.4.  Unless  otherwise  indicated, 
thesolutionswerewellaerat^.  All  mediator  soluticos  were  made 
daily  and  protected  from  light  until  used.  Potentials  were 
referenced  to  a  saturated  calomel  electrode  from  EG  &  G ,  Catalog 
No.  K0077.  A  platinum  wire  was  used  as  the  counter  electrode. 
The  chronoamperometric  experiments  were  performed  on  an  EG 
&  G  potentioetat/galvanoetat  Model  173  and  recorded  on  a  Kipp 
&  Zonen  XY  recover  Model  BD91.  The  cyclic  voltammograms 
were  run  on  an  EG  &  G  potentiostat/galvanostat  Model  273A 
and  recorded  on  a  PC  with  software  developed  in  this  lab.  Hie 
rotator  used  was  a  Pine  Instruments  AFMSRX  with  the  ACMDI 
1906C  shaft 

RESULTS 

HiOi  Senaing  Electrodes.  Electroreduction  of  HjOj  is 
observed  on  electrodes  modified  with  HRP  immobilized  in 
the  epoxy  network  formed  of  either  the  polyamine  without 
[OsfbpyliCl]^'^/^'^  redox  centers  (Figure  2)  or  with  [Os- 
(bpyljCl]^^^'*'  redox  centers  (Figure  3).  When  there  are  no 
i()s(bpy)2Cl]^^^  centers  in  the  polymer,  reduction  takes 


Potential  vs  SCE,  mV 

ngurel.  Electrode  as  In  FIgura  2,  but  iMlM[Oa(bpy)2CI]*^'>^aleclron- 
relaylng  centers  (pdymar  I)  (1:5  enzyme  to  pcbimar  I  ratto):  (A)  no 
1^;^)0.1mMH202;(C)0.5fnMH^2.  (ktndWona  for  A  and  B  are 
as  In  Figure  2.  For  C  the  scan  rata  Is  2.5  mV  s*':  2000  rpm. 


Potential  vs  SCE,  mV 

FIgureA.  PotontU  dependence  of  the  staady-siatecunentdsnsky  (or 
a  vHreouB  carbon  electrode  modWed  with  PK3DOE-crosi  Inked  HRP- 
polymerIat1:Sratk>.  CondWons:  PBS;  1000 rpm;  1  X  10-*MHtOt. 


H202  concentratton,  mM 

Figures.  Dependence  of  the  current  density  on  the  HsOrOoncenlratton 
tor  vitreous  carbon  electrodeamodtfledwtthrcODOE-croaelnkadHRP- 
polymer  I  fims.  The  HRP:polymar  I  ratloe  are  Indtoatad.  CondNIons: 
PBS;  0.0  V  {SCE):  1000  rpm. 

place  at  potentials  negative  of  0.2  V  (SCE).  In  1  X  10~*  M 
H2O2  a  ~  1  aA  cm~^  plateau  is  reached  near  0.1  V  (SCE).  In 
the  redox  epoxy  network  formed  by  PEGDGE  cross-linking 
of  polymer  I  containing  [OslbpylsCl]^'*'/^  centers,  the  current 
density  at  0.0  V  (SCE)  increases  by  2  orders  of  magnitude  to 
about  100  mA  cm~^.  Furthermore,  H302  electroreduction  is 
observed  already  at  -M).45  V  (SCE)  and  the  steady-state 
current  plateaus  at  -1-0.3  V  (SCE)  (Figure  4). 

The  dependence  of  the  catalytic  H2O2  electroreduction 
cunentdensityontheHRPipolymerlratiomPEGDGEcrQes- 
linked  films  is  seen  in  Figure  6.  The  current  density  is  nearly 
independent  of  the  HRP:poiymer  ratio  at  low  (<1  X  10~*  M) 
H202  concentration.  At  ^her  (>1  X  10~^  M)  H2O2  concen- 
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ngura  6.  Oapandance  of  ttw  ctvrant  domity  on  itM  squaro  root  of 
IhoaiViMrvolocityof  PEGDGE-croos-Inkod  1:5and  1:100HRP:palymar 
I  atadrodM.  CondNfcma:  PBS;  0.0  V  (SCE);  0.1  mM  HjO:. 


0.0  0.1  0.2  0.3  0.4  0.5  0.6 

H2O2  concentration,  mM 

ngwa  7.  Staady-atata  caBmIion  curves  for  PEODGE-cross-Inkad 
1:Saiid1:100HRPyolymarIalactrodaalnalr(8old<*cfae)andiil>roqan 
(opan  cMaa).  CondRIons:  0.0  V  (SCE):  PBS;  500  rpm. 

tration  the  current  density  increases  as  the  film  becomes  richer 
in  HRP  up  to  a  ratio  of  1:6  (Figure  5);  the  current  density 
tiien  decreases  upon  further  increasing  the  enzyme  content 
(not  shown).  Hie  current  densities  of  electrodes  with  1:10 
and  1:5  (HRPqiolymer  1)  film  ratios  do  not  differ  greatly.  For 
electrodes  with  the  1:5  (HRP'.polymer  I)  films  the  sensitivity 
in  the  (0-1)  x  10-*  M  HiO;  concentration  range  is  1 A  cm'^ 
M'^;Le.  the  current  density  at  1  x  10~^MH2O2is  lOO/iAcm'^ 
When  the  H2O2  concentration  exceeds  0.25  mM,  the  current 
is  time  dependent  and  decays  because  of  (slow)  substrate 
inhibition  of  HRP.  Control  electrodes,  made  with  PEGDGE 
croaa-linked  films  of  polymer  I  without  HRP  show  no 
measurable  HjOj  response. 

FigureSshowsLevidi  plots  fc'*  1:100  and  1:5  (HRP:polymer 
D  electrodes  in  1 X  10~*  M  H2O2.  Linear  dependence  of  the 
current  density  on  the  square  root  of  the  angular  velocity  is 
obaerved  only  up  to  about  400  rpm.  At  higher  angular 
velocities  the  current  densities  increase  with  the  HRP  content 
ci  the  fihas  but  are  not  proportional  to  the  HRP  content  At 
2500  rpm  increasing  the  HRP  concentration  from  1:100  to 
Idl  increases  the  current  density  by  only  30%. 

The  insensitivity  the  electrodes  to  the  partial  pressure 
of  oxygen  is  seen  in  Figure  7.  There  is  no  measurable 
difiSwaioe  between  the  calibration  curves  of  the  1:100  (HRP: 
polymer  1)  electrode  in  nitrogen-purged  or  air-saturated 
sohitums.  For  the  1:5  (HRPqwl^er  I)  electrode  there 
appears  to  be  a  marginal  difference,  with  the  readings  in  air 
exceeding  those  in  nitrogen  by  lass  than  2%. 

Hie  dynamic  range  of  the  1:5  (HRP:polymer  I)  electrode 
is  seen  in  Figure  8.  The  current  density  increases  linearly 
with  HjOj  omoentration  over  a  range  of  3  orders  of  magnitude 
from  about  1  x  10'''  to  1  x  10'*  M  (correlation  coefficient 


H2O2  concentration.  tiM 

Flgurat.  Dynamic  range  of  the  1:5HRP:pofyniaf  lalactiods.  Staady- 
stata  maasuramants  were  at  0.0  V  (SCE)  and  1000  rpm  wMh  PBS. 

0.997;  slope  1  A  cm'*  M*').  At  10'®  M  H202  the  0-96%  rise 
time  is  2  min.  At  lower  concentrations  the  rise  times  are 
longer.  Following  an  H202  injection  raising  the  concentration 
from  0.0  to  1  X  10'''  M,  the  rise  time  is  about  10  min.  The 
noise  equivalent  H202  concentration  is  3  nM;  i.e.  at  1  X  10'® 
MH2O2  the  signal  to  noise  ratio  is  3.  The  background  current, 
measured  after  the  electrode  was  allowed  to  stabilize  for  30 
min,  is  70  nA  cm'*. 

NAD(P)H  Sensiac  Electrodes  Derived  of  HRP  Wired 
to  a  3-Dimensional  Redox  Polymer  Network.  The  wired 
HRP  electrodes  are  insensitive  to  NAO(P)H;  i.e.  the  back¬ 
ground  current  at  0.0  V  (SCE)  does  not  change  when  either 
cofactor  is  added.  However,  if  l-methoxy-5-methylphen- 
azonium  methyl  sulfate  (I,  cation),  5-methylphenazonium 
methyl  sulfate  (II,  cation),  Meldola’s  blue  (HI,  cation),  Nile 
blue  (IV,  cation) ,  toluidine  blue  O  (V,  cation),  methylene  blue 
(VI,  cation),  thionine  (VII),  flavin  mononucleotide  (VHD, 
4,5-dihydio4,5-dioxo-lH-pyTrolo[23*nquinoline-2,7,9-tricaT- 
boxylic  acid  (PQQ)  (DC),  or  methylene  violet  (Berathsen) 
(X)  is  added,  an  NAD(P)H  concentration  dependent  cathodic 
current  is  observed.  The  structures  of  these  heterocyclic 
quinoids  are  shown  in  Figure  9.  The  relative  effectiveness  of 
these  mediators  in  the  H202-forming  reaction  is  in  the  order 
of  their  listing,  the  phenazonium  derivatives  and  Meldola’s 
blue  being  the  most  effective  and  flavin  moncmucleotide,  PQQ, 
and  methylene  violet  the  least  Addition  of  any  of  ^e 
mediators  at  <1.0  /iM  concentration  does  not  produce  a 
current  response. 

The  dependence  of  the  steady-state  current  density  on  the 
NADH  concentration  for  aerated  solutions  containing  1.6  fiM 
5-methylphenazonium  methyl  sulfate  is  seen  in  Figure  10. 
The  dependence  is  linear  through  the  1-100  mM  NAOH 
concentration  range  and  the  slope,  i.e.  sensitivity,  is  1 A  cm'* 
M~‘,  similar  to  that  for  H2O2.  (Corresponding  results  for 
NADPH  are  seen  for  the  1:5  electrode  in  Figure  11.  The 
linear  range  for  NADPH  is  from  1  to  200  mM,  and  the 
sensitivity  is  again  1 A  cm'*  M''.  The  equilibration  times  for 
steady-state  measurements  depend  on  the  concentration  of 
the  mediator;  a  higher  mediator  concentration  results  in 
acceleration  of  the  H2O2  production.  Typically,  the  0-96% 
rise  time  of  the  current  foUowing  an  NADH  injection  was  5-7 
min  at  3.3  pM  5-methylphenazonium  methyl  sulfate  con¬ 
centration. 

As  expected  from  reaction  3,  electroreduction  currents  were 
obeervedonlyinaeratedorozygenatedsolutions.  Thecurrent 
did  not  increase  when  O2  rather  than  air  was  bubbled  through 
the  solution.  When  the  solutions  were  purged  of  oxygen  by 
bubbling  with  N2,  the  current  reversed;  i.e.  an  electrooxidation 
current  was  observed  in  the  PMSH  (PMS''^  and  NADH) 
containing  solution.  Electrooxidation  of  PMSH  proceeded 
on  glassy  carbon  electrodes  whether  or  not  these  were  modified 
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FlgHra9.  Stnicluras  of  the  ntadhitora  which  ar«  aUa  to  caialylicaly 
cycloihroughraaciions2and3.  Note  the  central  qubwidal  structure 
stahteed  by  the  ad|acent  aromatic  rings:  catkin  of  1-mathoxy-5- 
melhy^ifiantuanium  methyf  suMata(I);  catfcm  of  S-methylphenazonium 
methyl  sidfate  (II);  cation  of  MoMola'a  blue  (III);  cation  of  Nto  blue 
(IV);  cation  of  totukine  blue  O  (V);  cation  of  methylsne  blue  (VI); 
thionine  (VII);  flavin  mononudaoUda  (VIII);  4.5-dlhy(ko-4.5-<aoxo- 
1Hpyiralo[2.3-f]<|ubKilne-2,7.9-tricarlx»(ylcacld(PQQ)(I)();  melhylane 
violet  (Berrrihsen)  (X). 


NADH  concentration,  |iM 

Figure  10.  Dependence  of  the  steady-elateeloctrocatalyttc  reduction 
current  density  on  ttie  NADH  concentration  tar  PECOQE-cross-Inkad 
1:5  and  1:100  HRPipolymer  I  Nm-modWedvItreoue  carbon  electrodes. 
CondWons:  0.0  V  (SCE),  1000  rpm,  1.6  pM  S-melhylphanazonium 
methyl  suMate  (PMS^);  PBS. 

with  HRP-contaiiiiiig  films.  Even  minimal  aeration  of  the 
PMSH  solutions  reversed  the  current,  but  only  on  HRP- 
modified  electrodes. 

Light  Effects.  PMS**^  solutions  strongly  absorb  X  <  4d0 
nm  light.  It  has  been  reported  that  the  mechanism  of 
reduction  of  heterocyclic  quincid  dyes  by  NADH  can  involve 
their  excited  states.*'’’^  Furthermore,  the  oxidant  of  the 
NADH-reduced  quinoid  dye  may  not  be  ground-state  (triplet) 
oxygen  but  exdt^  (singlet)  oxygen,  formed  through  energy 
transfer  from  the  excited  dye  in  its  triplet  state.  Thus,  as  a 
precaution,  the  effect  of  0.2  mW  cm~^  4100  K  color  temper¬ 
ature  “cool-white”  fluorescent  on  the  rise  time  of  the  current 


(26)  JuUiard,  M.;  Le  Petit,  J.  Photochem.  Photobiol.  1982, 36, 283-90. 


NAOPH  concentration,  pM 

FIgwell.  Dependence  of  the  steady-state  electrocatalytic  reduction 
ctsrent  density  on  the  NADPH  concentration  tar  the  1:5  eiecirode  of 
Figure  10.  CondMons  were  as  In  Figure  10.  except  that  the 
5-methylphenazonlum  methyl  siSfate  concentration  was  4.7  aM. 

was  checked.  Control  experiments  with  PMS*^  (1  X  lO**  M) 
show  that  the  current  is  not  changed  when  the  electrode  is 
operated  in  the  dark  or  with  the  above  ambient  irradiance. 
It  was  also  noted,  however,  that  PMS*^  measurably  photo- 
decomposed  even  at  low  irradiance  by  the  ambient  light 

DISCUSSION 

HBP-Baaed  Hydrogen  Peroxide  Sensing  Electrodes. 
Table  I  compares  HaO:  electrodes  based  on  direct,  difCii- 
sionally  mediated,  and  redox  polymer-relayed  electroreduc¬ 
tion  of  HRP.  Comparisc  j  of  the  electrodes  shows  that  the 
wiring  of  HRP  to  an  electrode,  i.e.  its  covalent  binding  to  a 
hydrophilic  3-dimensional  electron-relaying  redox  network, 
increases  sensitivity.  In  the  absence  of  osmium-complex 
relays  the  observed  sensitivity,  1 X  lOr-i  A  cm~i  M~‘,  is  2  orders 
of  magnitude  lower  than  that  in  their  presence  (Figures  2  and 
3).  In  the  flrst  case  only  redox  centers  of  HRP  molecules 
actuaUy  contacting  the  electrode  surface  may  be  electrore- 
duced.  These  redox  centers  produce  the  redox  wave  in  Figure 
2.  Incontrast,moetHRPmoleculesinthefllms,thethicknee8 
of  which  is  slO^  cm,  are  electrically  accessible  when  electrons 
are  relayed  through  [08(bpy)2Cl]3^/^  centers  complexed  to 
the  polyvinylpyridine  backbone  in  polymer  I.  Electrooxi¬ 
dation  of  HRP  in  the  electron-relaying  epoxy  network  starts 
at  -H).45  V,  Le.  0.18  V  positive  of  the  -H).27-V  redox  potential 
of  the  [Os(bpy)zCl]^'^/^'^  centers.  This  implies  that  oxidized 
HRP  accepts  electrons  from  the  network  even  when  the  ratio 
of  the  reduced  to  oxidized  centers  is  only  about  1:1000. 

The  optimal  HRP:polymer  I  ratio  in  the  film  (Figure  5)  is 
near  1:5.  At  higher  enzyme  content,  the  electron-relaying 
capacity  of  the  films  is  diminished  by  the  nonrelaying  HRP 
in  the  network.  The  network,  with  an  electron  diffusion 
coeffiment  below  10^  cm‘  s'^,^  does  not  transport  or  transfer 
electrons  to  the  bound  enzyme  molecules  fast  enough  to  match 
their  turnover  rate  at  optimal  (1(H  M)  substrate  concentra¬ 
tion.  Had  the  electron  transport  through  the  polymer  been 
faster,  still  higher  current  densities  might  have  been  realized. 
That  the  electrodes  are  limited  by  the  rate  of  electron  transfer 
either  through  the  network  or  from  the  network  to  the  enzyme 
is  seen  in  the  Levich  plots  of  Figure  6.  These  show  normal 
solution  mass  transfer  limited  kinetics  of  the  substrate, 
characterized  by  linear  dependence  of  the  current  density  on 
the  square  root  of  the  angular  velocity,  only  at  low  angular 
velocities.  At  high  angular  velocities  where  the  kinetics  does 
not  depend  linearly  on  substrate  mass  transport  and  depends 
only  weakly  on  enzyme  content,  the  characteristics  are 
dominated  by  transport  of  either  electrons  or  substrate 
through  the  film.  Previous  work  with  glucose  oxidase 
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containing  redox  epoxy  films  suggests  electron  transfer  or 
transport  limitation.^ 

Baduction  of  Heterocyclic  Quinoids  by  Two  Electron 
Pins  Proton  Transfer  from  NAD(P)H.  The  earlier  results 
of  Miller,  Gorton,  Kulys,  and  their  colleagues^^'  show  that 
NAD(P)H  is  rapidly  and  cleanly  oxidized  to  NAD(P)^  by 
transferring  two  electrons  plus  a  proton  to  any  of  a  variety 
of  dissolved  or  electrode-surface-bound  quinoids,  including 
native  quinoids  on  oxidized  graphite  (reaction  5).  5-Meth- 

quinoidox  +  NAD(P)H  -*  quinoid^  +  NAD(P)*  (5) 


capable  of  oxidizing  methylene  blue  and  so  a  stoichiometric 
production  of  hydrogen  peroxide  is  not  observed'.'^  The 
disparity  probably  results  from  the  higher  dye  concentrations 
employed  by  Schmidt  et  al.  At  a  high  dye  concentration  the 
rates  of  side  reactions,  particularly  between  the  reduced  dye 
and  H2O2,  are  increased.  At  the  NAD(P)H  and  mediator 
concentrations  employed  here  we  observe  only  the  stoichi¬ 
ometric  reaction  7.  As  is  evident  from  reaction  3,  the  assay 

NAD(P)H  +  -I-  O2  —  NAD(P)‘"  +  HjOj  (7) 


ylphenazonium  derivatives  and  Meldola's  blue  and  its  de¬ 
rivatives  are  particularly  fast  two  electron  plus  proton 
acceptors  from  NAD(P)H.  The  homogeneous  bimolecular 
two  electron  proton  transfer  rate  from  NADH  to  PMS^ 
(reaction  2)  is  3.8  X  1(P  M‘*  8‘*  at  25 
Oxidation  of  PMSH  by  O2  (reaction  3),  whereby  PMS**^  is 
recovered  and  H2O2  is  produced,  has  a  bimolecular  homo¬ 
geneous  rate  constant  of  1.8  X  1(P  s'*  in  water  at  25 

Thus  in  an  aqueous  solution  in  equilibrium  with  air  (s2.5  X 
10'^  M  O2),  Ae  oxidation  of  PMSH  is  rapid.  Indeed,  the 
related  reaction  of  dihydrophenazine  and  O2  in  an  organic 
solvent  (reaction  6)  has  been  considered  as  an  industrial 
process  for  the  production  of  H202.^ 


The  rates  of  reactions  2  and  3  and  H2O2  diffusion  may  all 
slow  the  response,  i.e.  rise  time,  of  the  NAD(P)H  sensor.  At 
low  NADH  concentration  (0.1  mM)  the  calculated  rate  from 
reaction  2  and  inherent  diffusion-controlled  transport  of  H202 
are  limiting  factors  of  the  electrode’s  kinetics.  At  higher 
NADH  concentration  (100  itM)  and  at  low  PMS^  concen¬ 
trations  (1.6  mM)  reaction  3  limits  the  electrode’s  response. 
The  calculated  H202  formation  rates  through  reaction  3  and 
experimental  sensor  rise  times  are  of  the  same  order  of 
magnitude. 

'The  variation  of  current  with  concentration,  and  the  1  A 
cm'*  M'*  sensitivity,  for  NADH  (Figure  10)  and  NADPH 
(Figure  11)  through  their  1 X 10'*  to  2  X 10'*  M  concentration 
range  are  identical  to  those  of  H2O2  (Figure  8).  We  infer 
from  the  identical  sensitivities  and  dynamic  ranges  that  the 
homogeneous  two  electron  and  proton  transfer  reactions 
proceed  either  at  or  very  close  to  unit  current  efficiency,  i.e. 
that  NAD(P)H  produces  a  stoichiometric  amount  of  H2O2 
through  reactions  2  and  3.  The  actual  mechanism  of  H202 
production  involves  more  steps  than  represented  by  equations 
2  and  3. 

Interferences.  Schmidt  etal.  suggested  that  "Reduction 
of  the  oxygen  proceeds  by  a  complex  sequence  of  reactions, 
producing  among  other  intermediates  the  superoxide  radical 
ion,  which  leads  to  hydrogen  peroxide  and  this  in  turn  is 
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requires  that  the  solutions  be  aerated.  A  decrease  in  O2  partial 
pressure  will  slow  reaction  3.  Nevertheless,  even  in  this  case 
the  ultimate  steady-state  current  will  not  change,  because 
reaction  3  is  irreversible.  The  high  bimolecular  rate  constant 
(1.8  X  102  M'*  8'*)  for  PMSH  oxidation  by  O2  usually  ensures 
a  rapid  reaction  in  air-exposed  solutions.  When  the  oxygen 
concentration  is  only  */ioth  of  that  in  a  well-aerated  solution 
(a  typical  value  at  25  °C  being  0.25  mM),  the  half-life  of 
PMSH  is  154  s,  assuming  a  pseudo-ffrst-order  reaction  in 
PMSH. 

HRP-catalyzed  reactions  may  cause  severe  interference  by 
a  number  of  interferants.  H202-oxidized  HRP  may  be  reduced 
by  any  of  a  number  of  hydrogen  donors.  Such  reduction  will 
cause  loss  of  catalytic  current.  Addition  of  0. 1  mM  ascorbate, 
a  common  component  of  biological  samples,  will  reduce  the 
cathodic  current  by  over  50% .  Current  will  also  be  lost  if 
NAD(P)H  directly  reduces  H202-oxidized  HRP.  This  reac¬ 
tion  is  actually  observed  in  our  experiments  as  a  dip  in  the 
current  from  the  electrodes  when  NAD(P)H  is  initially 
injected  into  a  solution  with  a  substantial  H2O2  concentration 
already  present.  Once  the  NAD(P)H  reacts  to  form  H2O2 
and  NAD(P)*,  the  current  recovers.  The  ultimate  curren  's 
not  lowered,  because  reactions  occurring  at  the  electrode 
surface  do  not  change  the  bulk  solution  concentrations,  the 
bulk  H2O2  concentration  being  reached  through  the  homo¬ 
geneous  solution  reactions  2  and  3.  Beyond  organic  hydrogen 
donors,  H2O2  itself  is  oxidized  by  HRP  to  O2  and  water.** 
Fortunately,  the  latter  reaction  is  not  fast. 

CONCLUSIONS 

In  contrast  with  redox  centers  of  flavoprotein  enzymes  like 
glucose  oxidase,  that  do  not  communicate  directly  with  carbon 
electrodes  on  which  the  enzymes  are  adsorbed,  redox  centers 
of  directly  absorbed  horseradish  peroxidase  do  communicate 
electrically  with  carbon  electrodes.**-**  The  maximum  current 
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density  does  not  exceed,  however,  in  the  absence  of  a 
diffiisional  mediator  or  of  nondiffusing  electron-relaying 
centers,  the  current  density  associated  with  the  turnover  of 
the  enzyme  layer  directly  contacting  the  electrode  surface. 
Oxidized  horseradish  peroxidase  molecules,  that  are  remote 
ftom  the  electrode  surface,  do  not  accept  electrons  from 
electrodes  unless  the  electrons  are  relayed  through  redox 
centers  in  the  polymer.  The  current  density  is  increased  by 
2  orders  of  magnitude  when  the  HRP  molecules  bound 
throughout  the  thick  Him  are  connected  to  the  electrode 
through  its  3-dimensional  electron-relaying  network.  The 
sensitivity  of  the  resulting  amperometric  H2O3  sensor  is  1 A 
cm"*  M"*  at  0.0  V  (SCE),  and  its  dynamic  range  is  1  x  10"''-2 
X  10"<  M  H2O2. 

Two  electron  plus  proton  transfer  from  NAD(P)H  to 
quinoids  produces  sl  oichiometric  concentrations  of  H2O2. 
With  NADH  and  NAD(P)H  stoichiometrically  translated  to 
H2O2,  their  concentrations  can  be  amperometrically  assayed 
at  wired  horseradish  peroxidase  cathodes  poised  at  0.0  V 
(SCE)  (Figure  12).  The  sensitivities  and  dynamic  ranges  of 
these  cathodes  are  identical  with  those  of  H2O2  cathode,  1 A 
cm"*  M"'  through  the  1  x  10"®-10"<  M  concentration  range. 
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Figure  12.  Cydes  of  the  proposed  NADH  (and  NAOPH)  cathodes. 


Although  the  assay  of  these  cofactors  requires  molecular 
oxygen,  the  electrodes  are  not  excessively  sensitive  to  vari¬ 
ations  in  O2  partial  pressure  because  the  quinoid-catalyzed 
NAD(P)H  reactions  with  O2  are  irreversible. 
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The  title  electrodee  were  conetructed  by  cohnmobttlzlng  the 
reapeethre  FAD  oxMaees  on  aoM  electrode  aurfacea  with  a 
poly(vinyl  pyridine)  polymer  which  waa  N-derivatIzad  with 
bromoethylamlne  and  (^(bpyljCI,.  The  redox-polymer-en¬ 
zyme  hydrogela  were  eroaa-Mnked  on  the  electrode  aurface 
Ming  p^(ethylane  glycol)  diglycldyl  ether.  Aa  In  the  caae 
ct  ghicoee  oxidaae,  the  redox  polyiner  acta  ja  an  oloctron 
relaying  “wire”  tranaferring  electrona  dbe  j  from  the  en- 
zymea’  FAOH,  centera  to  the  eleetrode.  TMa  tranafer  com- 
petee  with  the  natural  proceaa  of  reoxMatlon  of  FADH,  by 
molecular  oxygen.  The  variation  of  the  reaponee  of  theae 
electrodea  with  the  atmoaphare  (Nj  or  air),  pH,  and  aubatrate 
concentration  waa  determined.  The  pH  proHe  of  the  elec- 
trocatalytic  current  dWera  from  that  of  the  activity  of  the  free 
enzymee,  exhMUng  a  broader  maximum,  ahWad  to  higher  pH 
vakiea.  The  obaerved  aenaltivltlea  and  Hnear  rangea  are  re- 
apectlvely  2  X  IQ-*  a  cm'^  and  2.T  mM  for  L-a-glycero- 
phoaphala,  and  0.3  A  cm'*  and  0.2  mM  for  L-laclate  that 
may  be  compared  to  2  X  10'*  A  M'^  cm'*  and  10  mM  for 
ghicoee.  The  0-00%  reaponae  time  for  all  eloctrodea  la  1  a 
or  leaa. 


INTRODUCTION 

In  contrast  with  low  molecular  weight  polymers  that  dif- 
fusionally  mediate  electron  transfer  from  the  enzymes’  active 
center*'^  to  electrodes,  high  molecular  weight  polymers  can 
be  designed  to  complex  with  redox  enzyme  proteins  and  to 
nondiffusionally  relay  electrons  from  the  enzyme  redox  centers 
to  electrodes.  In  these  complexes,  the  oxidized  redox  polymers 
compete  efflciently  with  oxygen  in  the  oxidation  of  sub¬ 
strate-reduced  enzyme  redox  centers.^'^  The  high  molecular 
weight  redox  polymers  connect  the  enzyme  redox  centers  to 
electrodes  only  when  they  (a)  are  adsorbed  on  the  electrodes 
and  (b)  have  long  nonabsorbed  segments  extended  into  the 
solution  that  complex  and  penetrate  enzyme  proteins.  These 
superficially  contradictory  requirements  are  met  by  making 
the  molecular  weight  high  enough  so  that  even  though  most 
segments  are  most  of  the  time  unadsorbed,  i.e.  in  solution, 
there  is  always  a  sufHcient  number  of  segments  adsorbed  to 
make  their  simultaneous  desorption  statistically  improbable. 
In  the  special  case  of  cross-linkable  enzyme-complexing 
polymers,  three-dimensional,  enzyme-incorporating  hydro¬ 
philic  networks  of  molecular  weights  greatly  exceeding  those 
of  either  the  constituent  redox  polymer  or  the  enzyme  can  be 
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formed  on  electrode  surfaces.^  “ 

We  show  here  that  in  addition  to  redox  centers  of  glucose 
oxidase‘‘  also  redox  centers  of  glycerophosphate  oxidase,  and 
lactate  oxidase  can  be  electrochemically  connected  to  elec¬ 
trodes  through  cross-linked  redox  polymer-enzyme  hydro¬ 
philic  epoxy  networks  and  characterize  the  resulting  glycerol 
3-pho8phate  and  lactate  electrodes. 

EXPERIMENTAL  SECTION 

Chemicals.  L-o-Glycerol  phosphate  oxidase  (GPO)  (L-a- 
glycerophosphate:  oxygen  oxidoreductase,  EC  1.1.3.21),  from 
Aerococcus  uiridans,  and  lactate  oxidase  (LOX)  (L-lactate:  oxygen 
oxidoreductase,  former  EC  1.1.3.2),  from  Pediococcus  species,  were 
purchased  from  Genencor  Int  (representatives  of  Toyo  Jozo)  and 
were  used  without  purification.  Glucose  oxidase  (GOX)  <D-glucose; 
oxygen  oxidoreductase,  EC  1. 1.3.4),  from  Aspergillus  niger,  and 
peroxidase  (Donor:  H2O2  oxidoreductase,  EC  1.11.1.7),  from 
horseradish,  were  purchased  from  Sigma  (Catalog  Nos.  G-7141 
and  P-8250,  respectively)  and  were  also  used  without  purification. 
L-Lactic  acid  and  D4.-o-glycerophosphate  were  also  purchased  from 
Sigma.  D-Glucose  was  purchased  from  J.  T.  B^er.  All  other 
chemicals  (phenol,  o-dianisidine,  4-aminoantipyrine)  were  of 
reagent  grade  or  better  and  were  purchased  ei^er  from  Sigma 
or  Aldrich.  Water  used  was  NANOpure,  and  the  buffer  most 
commonly  employed  was  33  mM  phosphate,  0.15  M  NaCl  at  pH 
7.15  (to  be  referred  to  as  STD  buffer).  The  redox  polymer  (linear 
PVP  of  approximately  50  kDa  N-derivatized  with  Os(bpy)2Cl2 
and  bromoethylamine  as  reported  earlier)  had  an  approximate 
equivalent  MW  per  osmium  center  of  1510  as  determined  by 
elemental  analysis  and  UV  spectrophotometry. “  The  diepoxide 
used  was  poly(ethylene  glycol)  diglycidyi  ether  purchased  from 
Polysciences  (Catalog  No.  08210). 

Electrodes.  Modified  electrodes  were  glassy-carbon  disks,  3 
mm  in  diameter  (V-10  grade  vitreous  carbon  from  Atomergic). 
The  glassy-carbon  rods  were  encased  in  Teflon  cylinders  with 
deaerated  slow-setting  epoxy  (Armstrong),  and  the  Teflon  cylinder 
was  fitted  on  an  AFMSRX  rotator  (Pine  Instruments). 

All  electrodes  were  treated  by  polishing  on  three  grits  of  sand 
paper  and  then  successively  on  four  grades  of  alumina  (20, 5, 1, 
0.3  Mm)  with  sonication  and  thorough  washing  with  NANOpure 
water  between  grades.  Background  scans  for  every  electrode  were 
taken  at  1000,  500,  and  100  mV  s~‘  in  STD  buffer  to  make  sure 
the  voltammograms  were  featureless.  The  electrodes  were  sub¬ 
sequently  washed  and  stored  in  a  desiccator  until  use.  The  average 
capacitance  of  the  GC  electrodes  in  STD  buffer  was  29  ±  5 
MF/cm"“. 

The  modification  procedure  was  similar  to  that  reported  ear- 
lier.^'  Elecrodes  were  prepared  either  by  depositing  the  com¬ 
ponents  sequentially  and  mixing  on  the  electrode  surface,  or  (in 
the  case  of  diffusion  studies)  from  a  common  mix  of  enzyme, 
polymer,  and  cross-linker  when  reproducibility  was  important. 
The  weight  ratios  of  enzyme  protein  to  nonenzymatic  material 
(contaminants  from  the  enzyme  isolation  process)  to  polymer  were 
1:3:5  for  LOX  and  1.5:0.5:5  for  GPO  electrodes,  so  as  to  keep  the 
operation  of  the  electrodes  in  the  kinetically  limited  regime  (see 
Discussion)  and/or  to  keep  the  observed  current  densities  at 
saturating  substrate  concentrations  similar  for  both  types  of 
electrodes.  The  mixtures  contained  6%  (per  weight)  of  cross- 
linker.  For  a  typical  electrode  a  total  of  about  8  Mg  of  material 
yielding  a  geometric  surface  coverage  of  130  Mg  cm'^  was  applied 
on  the  surface.  The  dry  thickness  of  such  electrodes  was  about 
0.8  Mm  as  determined  by  profilometry  and  SEM.  The  electrodes 
were  left  to  cure  in  a  desiccator  for  24  h  under  reduced  pressure. 
Before  use  they  were  washed  by  incubation  in  STD  buffer  for  at 
least  8  h  (in  a  2-mL  volume)  under  vigorous  stirring.  The  solutions 
in  which  the  electrodes  were  washed  were  assayed  for  enzymatic 
activity  and  protein  content  (see  below).  There  was  no  effort  made 
to  optimize  the  immobilization  procedure  or  the  current  efficiency 
or  the  competition  with  O2.  Rather,  the  goal  was  to  keep  the 
cross-linking  conditions  as  constant  and  reproducible  as  poesib'e. 
Because  the  GPO  or  LOX  solutions  even  in  10  mM  HEP^  uatfer 
at  pH  8.1  are  not  particularly  stable,  an  effort  was  made  to  test 
all  the  electrodes  during  the  same  12-24-h  period.  This  re¬ 
quirement  was  particularly  important  for  the  enzymes  (other  than 
glucose  oxidase)  that  lost  activity  during  the  curing  process.  The 


reproducibility  of  the  response  of  electrodes  prepared  from  the 
identical  enzyme-polymer  mixtures  weis  ±10%  or  better,  as  ev¬ 
idenced  by  the  scatter  in  both  maximum  current  density  at 
saturating  substrate  concentration  and  the  concentration  at  which 
half  the  maximum  current  density  was  observed  (“apparent 
or  “half-saturation  point”). 

Electrochemistry.  The  electrochemical  experiments  were 
performed  with  a  Princeton  Applied  Research  173  potentiostat 
and  a  175  PAR  universal  programmer  equipped  with  a  Model  179 
digital  coulometer.  Signals  were  recorded  on  an  .Y-f-T'Kipp 
Zonnen  recorder.  The  chronoamperometric  and  chronopoten- 
tiometric  experiments,  as  well  as  cyclic  voltammetry  at  less  than 
1  mV/ 8  were  performed  with  the  help  of  a  273  PAR  potentiostat 
interfaced  to  an  IBM  PC.  Unless  otherwise  noted,  a  single¬ 
compartment  water-jacketed  100-mL  cell  was  used  thermostated 
at  21.8  ±  0.2  °C,  with  an  aqueous  saturated  calomel  electrode  as 
reference  (SCE)  and  all  potentials  are  reported  with  respect  to 
this.  A  platinum  wire  encased  in  a  heat-shrinkable  sleeve  with 
a  frit  was  used  as  the  counter  electrode. 

Unless  otherwise  stated,  the  steady-state  current  was  monitored 
with  the  electrodes  poised  at  0.45  V,  where  the  current  no  longer 
varied  with  potential  (the  current  plateau  was  reached  at  about 
0.39  V).  Concentrations  of  L-a-glycerophosphate  were  calculated 
from  the  optical  rotation  of  D4.-a-glyceropho8phate.  For  the  GOX 
electrodes,  concentrations  of  D-glucose  are  reported  even  though 
the  enzyme  only  catalyzes  the  reaction  of  the  D-d-glucose  com¬ 
prising  about  60%  of  the  total  D-glucose  concentration  after 
mutarotation  is  complete. 

Assays.  The  activity  of  the  enzymes  was  determined  in  all 
cases  at  22  ±  1  °C.  A  series  of  experiments  with  a  single  enzyme 
normally  took  about  3-4  days  to  complete.  During  this  period, 
the  native  enzyme  stored  dissolved  in  pH  8.1  10  mM  HEPES 
buffer  was  periodically  assayed  for  loss  of  activity  under  the 
storage  conditions.  Concentrations  of  enzyme  solutions  were 
determined  from  the  extinction  coefficients  of  bound  FAD  in  GOX 
and  GPO^^’’®  (21.6  and  11.3  mM"'  cm'‘,  respectively).  For  LOX 
the  manufacturer’s  specification  for  protein  content  was  accepted. 
However,  after  purification  of  the  enzyme  through  HPLC,  it  was 
found  that  the  specific  activity  and  protein  content  increased 
4-fold.  For  determining  the  total  amount  of  protein,  the  Biorad 
microassay  method  was  used.'^ 

The  enzyme  assays  as  well  as  the  electrochemical  measurements 
were  performed,  unless  otherwise  stated,  in  STD  buffer  of  pH 
7.16.  The  enzyme  assays  involved  the  peroxidase-catalyzed  re¬ 
action  of  an  oxidizable  dye,  o-dianisidine  in  the  case  of  GOX, 
4-aminoantipyrine  and  phenol  in  the  case  of  GPO,  and  4- 
aminoantipyrine  and  N,N-dimethylaniline  in  the  case  of  LOX. 
Absorbances  were  measured  at  500  nm  for  the  first  and  565  nm 
for  the  later  two,  and  the  known  extinction  coefficients  were  used 
for  quantitation.'^  The  02-saturated  total  reaction  volume  was 
generally  about  3  mL,  and  the  dyes,  substrate,  and  peroxidase 
were  present  in  excess.  The  mean  specific  activities  of  the  purified 
enzymes  used  were  24  units  mg"*  for  GPO  and  108  units  mg"*  mg 
for  LOX. 

RESULTS  AND  DISCUSSION 

Results.  Figure  1  shows  that  lactate  and  glycerol  3- 
phosphate,  like  glucose,  are  electrocatalytically  oxidized  at 
electrodes  coated  with  3-dimensional  redox  pol3uner  epoxy 
networks  incorporating  the  respective  oxidases.  The  two 
electrodes  were  made  with  different  enzyme:nonenzymatic 
material:polymer  weight  ratios,  1.5;0.5:5  for  GPO  and  1:3:5 
for  LOX,  so  as  to  make  their  current  densities  at  high  sub¬ 
strate  concentrations — where  these  no  longer  affect  the 
current — similar.  The  loading  was  100-130  Mg  cm"^  of  the 
enzyme-containing  epoxy.  The  current  densities  of  the  re¬ 
sulting  electrodes,  at  high  substrate  concentrations,  were 
within  about  20% .  This  condition,  achieved  experimentally 
by  trial  and  error,  represents  a  specific  set  of  constituent  ratios. 
Comparison  of  electrodes  made  with  different  enzymes  must 
be  based  on  electrodes  with  similar  enzyme  to  polymer  ratios 
(because  the  protein  is  an  insulator  and  electron  transport  is 
through  the  redox  polymer)  amd  also  with  similar  current 
densities,  i.e.  similar  total  enzymatic  activity.  Furthermore, 
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Flgiira  1.  Cyclic  voltammograms  demonstrating  the  catalytic  nature 
of  the  anodic  currents  and  the  “threshold"  or  breakpoint  In  scan  rate 
for  the  appearance  of  reductive  waves.  Scans;  (a)  1  mV  s~'.  in  STD 
buffer  (b)  1  mV  s~'  after  the  introduction  of  10  times  the  half-saturation 
point  substrate  concentration;  (c)  lowest  scan  rate  value  where  re¬ 
duction  wave  appears  (GPO.  2  mV  s~';  LOX.  5  mV  s  ').  Electrode 
construction  parameters:  typical  thickness.  130  /ig  cm'^.  All  elec¬ 
trodes  had  a  3-mm  dtanteter  and  vrere  rotated  at  the  highest  rotation 
rate  for  linear  E-H  plots. 
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Floia«2.  Oependanoe  of  the  current  on  substrate  concentration.  The 
Insert  shows  the  fraction  of  the  current  remaining  after  the  argorv- 
purged  solution  is  air  saturated  as  a  function  of  the  substrate  con- 
cenbation  expressed  In  muMpies  of  the  apparent  of  the  electrodes. 
CondMons;  130  >tg  cm~‘  film  thickness;  STD  buffer;  electrodes  rotated 
at  3000  rpm. 

the  immobilized  enzyme  activity  should  be  low  enough  to 
make  the  electrodes  operate  throi^  the  widest  possible  range 
of  substrate  concentrations  with  the  turnover  of  the  enzyme 
being  rate  limiting. 

The  voltanunograms  in  the  absence  of  substrate  showed 
20-25-mV  peak  to  peak  separation  for  either  enzyme  electrode. 
The  slowest  scan  rate  at  which  an  Os^  reduction  wave  became 
observable  in  the  presence  of  substrate  was  2  mV  s'^  for  GPO 
and  5  mV  s'*  for  LOX. 

Figure  2  shows  the  current  density  as  a  function  of  substrate 
concentration  in  argon  and  in  air.  Because  the  electrodes  were 
designed  for  equal  current  density  and  not  for  optimal  electron 
transfer  via  the  network  to  the  electrode,  oxygen  competed 
effectively  in  the  oxidation  of  the  FADHj  centers  of  LOX. 

The  pH  dependence  experiments  were  conducted  in  both 
STD  buffer  and  universal  buffer  (0.004  M  each  of  sodium 
citrate,  sodimn  barbitural,  potassium  phosphate,  and  boric 
acid),  with  the  pH  being  initially  at  7.15  and  then  changed 
by  the  dropwise  addition  of  2  M  HCl  to  about  pH  4  and  then 
to  pH  10.5  with  2  M  NaOH.  The  electrochemistry  of  the 
polymer  in  this  pH  range  did  not  exhibit  substantial  differ¬ 
ences.  However  at  the  extremes  of  the  pH  scale,  we  did 
observe  changes  in  the  peak  separation  and  the  height  of  the 
peaks,  which  were  reversible  upon  pH  restoration.  Above  pH 
11,  irreversible  lowering  of  peak  currents,  increase  in  peak 
separation  (50-100  mV),  and  diffusional  tailing  were  observed. 
The  dianges  in  current  between  pH  4  and  10.5  were  not  totally 
reversible  in  GPO  and  LUX  electrodes  but  were  reversible 
for  GOX  electrodes  up  to  pH  10.5. 


NATIVE  ENZYME 

WIRED  ENZYME  ON  ELECTRODE 


Figure  3.  pH  dependence  of  the  activity  of  the  native  enzymes  In 
solutfon(e)andof  the  response  of  the  electrodes  (d).  The  etoctrodes 
were  rotated  at  1000  rpm  in  argon-saturated  solutions  at  saturating 
substrate  concentrations. 

Figure  3  shows  the  pH  dependence  of  the  currents  under 
anaerobic  conditions  at  high  substrate  concentrations,  where 
the  current  does  not  increase  upon  adding  substrate.  In¬ 
corporation  of  the  enzyme  in  the  redox  epoxy  network 
broadens  the  pH  domains  of  maximum  response  and  shifts 
these  domains  to  higher  pH.  These  effects  are  observed  and 
are  greatest  in  glucose  oxidase,  shown  for  comparison.  In 
glucose  electrodes  the  current  remains  within  20%  of  its 
maximum  over  the  entire  pH  6.5-10.5  range,  with  the  max¬ 
imum  being  at  pH  7.5-9.0.  In  the  case  of  LOX,  the  current 
is  within  20%  of  its  msTimnm  over  the  pH  6.5-8.5  range,  the 
maximum  being  near  pH  8;  and  in  the  case  of  GPO  the  flat 
region  is  at  pH  7.5-8.5,  peaking  at  about  pH  8.2.  The  dis¬ 
placement  of  the  pH  maxima  versus  those  of  the  free  enzymes 
is  of  3  pH  units  for  GOX,  1.5  units  for  LOX,  and  0.5  units 
for  GPO.  These  differences  in  pH  dependence  will  be  dis¬ 
cussed  later. 

Figure  4  shows  the  temperature  dependence  of  the  currents. 
The  experiments  were  conducted  at  high  substrate  concen¬ 
trations  under  argon.  The  Arrhenius  current  plots  are  rea¬ 
sonably  linear  through  the  considered  temperature  range,  and 
the  apparent  activation  energies  are  59  kJ  moL'  for  GPO  and 
79  kJ  mol"'  for  LOX  electrodes. 

Modiffed  Eadie-Hofstee-t3nje  plots  for  the  stationary 
electrode,  at  50  rpm  rotation  and  at  >3500  rpm,  are  shown 


FIgura  4.  Temperature  dependence  of  the  current.  Conditions:  ro¬ 
tation  rate  2000  rpm;  fVm  thickness  20  fig  cm'^;  STD  buffer;  saturating 
substrate  concentration. 


FIgura  5.  Eade-Hofstee  plots  at  varying  angular  velocities.  CondHions; 
STD  buffer;  21.7  °C;  argon-saturated  solution;  film  thickness  130  fig 
cm"*. 


in  Figure  5.  The  often  reported  linear  dependence  is  observed 
in  the  GPO  electrode  almost  regardless  of  rotation  speed.  In 
the  case  of  the  LOX  electrode  the  linearity  is  observed, 
however,  only  at  high  rotation  speed  (>4500  rpm). 

The  film  tUckness  was  determined  by  integrating  the  area 
of  the  quasi-steady-state  cyclic  voltammogram  for  each 
electrode  and  expressing  the  thickness  as  total  amount  of 
material  per  square  centimeter.  The  scan  rate  was  1  mV  s"* 
for  electrodes  up  to  130  fig  cm'*  and  0.1  mV  s'*  for  thicker 
nims.  A  second  method  for  determining  film  thickness  in¬ 
volved  double-step  chronocoulometry,  which  was  useful  up 
to  130  fig  cm"*.  In  the  thinner  films  the  results  from  such 
determinations  were  within  2%  of  the  thicknesses  calculated 
from  the  amount  of  polymer  deposited  on  the  film  and  the 
data  from  elemental  analysis  and  UV  spectrophotometry  for 
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Figure  6.  (a)  Variation  of  the  Intercepts  of  the  modified  Eadie-Hofstee 
plots  with  film  thickness.  The  Intercepts  were  calculated  from  plots 
sknlar  to  those  In  Figure  5  for  each  electrode,  (b)  Variation  of  the  slope 
of  the  Eadie-Hofstee  plots  (calculated  similarly)  with  thickness. 

the  osmium  content  of  the  polymer.  This  indicates  that  almost 
all  the  polymer  remains  on  the  surface  after  immobilization. 
For  thicker  films  the  discrepancy  increased  to  about  20% 
because  of  breakdown  of  the  applicability  of  the  methods,  and 
not  the  loss  of  polymer  after  immobilization. 

Figure  6  shows  the  variation  of  the  intercepts  of  the  mod¬ 
ified  Eadie-Hofstee  plots  as  a  function  of  the  thickness  of  the 
en^rme-containing  redox  epoxy  network.  The  electrodes  again 
are  designed  to  have  similar  current  densities  at  high  substrate 
concentrations  where  a  small  change  in  concentration  does 
not  affect  the  current.  The  GPO  and  LOX  electrodes  Ea¬ 
die-Hofstee  slopes  are  essentially  independent  of  film  thick¬ 
ness,  being  about  2.5  mM  for  GPO  and  0.18  mM  for  LOX. 
The  variation  of  the  intercepts,  i.e.  current  densities  at  infinite 
substrate  concentrations  with  film  thickness,  is  linear  at  least 
through  the  0-100  fig  cm'*  range  for  LOX-containing  redox 
epoxy  networks  and  at  least  through  the  0-200  tig  cm'*  for 
the  GPO-containing  ones. 

GPO  electrodes  have  a  much  shorter  shelf  life  than  GOX 
electrodes.  After  1  month  storage  at  room  temperature  (~25 
'’O,  the  electrodes  retained  only  10%  of  their  activity,  while 
GOX  electrodes,  after  an  initial  loss  associated  with  curing 
of  the  epoxy  network,  were  stable.  When  catalase  was  coim¬ 
mobilized  on  the  electrode,  no  subsUuitial  improvement  was 
observed.  Though  dry  GPO  is  quite  stable,  we  observed  severe 
deactivation  upon  storagf  pH  8.1  HEPES  buffer.  Upon 
1  month  storage  of  the  I  trodes  at  room  temperature 

(~25  °C),  no  current  v  ned. 

The  response  times  o,  .  electrodes  were  studied  by 
measuring  the  response  of  the  electrodes  to  steps  in  concen¬ 
tration  between  0  and  10  times  the  half-saturation  point.  The 
studies  were  done  in  a  10-mL  cell  with  the  electrode  rotating 
at  different  rotation  rates  under  a  N2  atmosphere.  In  all  cases 
the  response  times  decreased  with  increasing  electrode  rotation 
time,  to  our  4000  rpm  limit,  when  they  dropped  to  1-2  s. 
Thus,  we  were  measuring  the  mixing  time  not  the  true  re¬ 
sponse  time  of  the  electrodes.  (We  define  response  time  as 
the  time  needed  for  the  response  to  reach  90%  of  the  satu¬ 
ration  current.) 
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Table  1.  GPO  and  LOX  Electrode  Characteristics 


GPO  LOX 

half-saturation  point  (mM)  2.6  ±  0.3  0.16  i  0.02 

current  density  at  “K„”  (jjA  45  ±  0.5  60  ±  0.3 

sensitivity  (A  M‘*  cm'^)  0.02  ±  0.002  0.3  ±  0.01 

half-saturation  current/ background  32  43 

current  ratio 

%  current  loss  at  half-saturation  in  8  ±  1  39  ±  5 

air“ 


°  Comparison  between  argon-  and  air-saturated  solutions  (0  and 
0.2  mM  (O2I.  respectively). 


The  results  summarizing  the  performance  of  the  “typical" 
electrode  as  a  sensor  are  depicted  in  Table  I. 

DisGuaaion.  In  enzyme  electrodes  with  3-dimensional 
redox  polymer  networks  complezing,  binding,  and  electrically 
interconnecting  the  redox  centers  to  electrodes,  the  following 


processes  define  the  observed  current: 

E„,  -1-  S  4  ES  E,  -I-  P  (1) 

*-1 

E,  -I-  2R„  E„.  -1-  2R,  -h  2H+  (2) 

^OX.W  ^^,W+l  “  "f"  ^OX,W+l  (3) 

R,  —  Rox  (4) 


Equation  1  represents  in  combination  with  eq  2  the  reaction 
of  the  enzyme  with  the  substrate  (S)  by  a  uni  uni  uni  uni  ping 
pong  mechanism,  accepted  for  GPO  and  The  ox¬ 

idized  form  of  the  enzyme  (Eoi)  forms  the  enzyme-substrate 
complex  (ES)  having  an  equilibrium  constant  The 

complex  dissociates  with  a  rate  constant  ^2  into  the  r^uced 
form  of  the  enzyme  (E,)  and  product  (P).  At  this  stage,  the 
enzyme  can  be  reoxidized  by  oxygen  according  to 

Er  +  O2  Eo,  +  H2O2 

Under  anaerobic  conditions,  eq  2  describes  the  reoxidat/ 
process  adequately.  The  reduced  enzyme  is  subsequently 
oxidized  by  a  sequence  of  two  one-electron  transfer  steps.  The 
electrons  are  transferred  to  the  oxidized  polymer  bound  relays 
(Ro,),  which  are  reduced  with  a  rate  constant  k^.  Finally, 
electrons  transfer  through  the  redox  polymer-enzyme  network 
with  an  overall  “electron  diffusion  coefficient”  according 
to  eq  3  which  describes  the  succession  of  electron-transfer 
self-exchange  reactions  between  neighboring  redox  sites  (w, 
w  -f  1).  may  increase  exponentially  with  the  cube  root  of 
concentration  of  redox  centers,  if  the  electron  propagation  is 
a  percolative,  phonon-assisted  tunneling  process,  or  quad- 
ratically  (with  the  redox  center’s  concentration),  if  the 
propagation  involves  chain  segment  collisions.  The  reoxidation 
of  the  relay  at  the  electrode  surface  completing  the  second 
part  of  the  catalytic  cycle  is  fast. 

An  effort  has  been  made  to  model  and  simulate  this  set  of 
equations  and  solve  for  the  catalytic  current.  Saveant'^  has 
solved  the  general  case  for  a  catalytic  first-order  reaction  on 
a  polymer  film.  Gough'®*®  and  others*'"*®  have  tried  in  the 
past  to  apply  this  analysis  to  enzyme  electrodes.  No  analytical 
solution  can  be  obtained  for  the  general  case  even  when  a  ping 
pong  mechanism  is  not  involved.  However,  in  order  to  sem- 
iquantitatively  interpret  the  results,  we  postulate  that  after 
applying  Aris’*^  analysis  to  the  problem  at  hand,  one  can  write 
for  the  catalytic  current 

^tntz  J  . 

“  1  -H  ~  1  +  Q  '  ' 

where  j  is  the  curent  density,  is  an  effectiveness  factor. 


defined  as  the  ratio  of  the  actual  current  density  over  the 
current  density  that  could  be  obtained  under  kinetic  control, 
Jmtx  ~  2FLk2Cgx,  where  F  is  the  Faraday  constant,  L  is  the 
wet  film  thickness,  and  Cg,  is  the  total  enzyme  concentration 
in  the  film,  =  k^jk^,  X,  =  (fej  +  k-i)/ki,  a,  is  the  partition 
coefficient  of  the  substrate  in  the  film,  C„  is  the  relay  con¬ 
centration  in  the  enzyme-polymer  film,  and  C,  is  the  substrate 
concentration  in  the  bulk  solution. 

Elquation  6  looks  deceptively  simple.  This  is  so  because  our 
inability  to  exactly  describe  the  process  has  been  hidden  in 
the  effectiveness  factor.  Were  we  able  to  describe  rigorously 
the  coupled  processes,  t)  would  be  the  solution  of  the  differ¬ 
ential  equations  describing  the  reactions  of  eqs  1-4.  In  this 
case  T)  would  depend  on  all  the  parameters  in  eq  6,  on  and 
on  the  diffusion  coefficient  of  the  substrate.  ri  cannot  assume 
a  closed-form  solution  unless  simplifying  assumptions,  nega¬ 
ting  the  very  purpose  of  mathematically  describing  the  process, 
are  made.  When  eq  6  is  plotted  in  the  usual  Eadie-Hofstee 
form  of  j  vs  j/C„  the  plot  is  rarely  a  straight  line.  Unless  there 
is  an  unusual  coincidence  of  parameter  values,  a  linear  plot 
is  not  obtained;  i.e.  ri  ^  I  unless  the  current  is  not  limited 
by  either  substrate  or  electron  diffusion.  Such  plots  can  be 
used  as  a  semiquantitative  diagnostic  test  for  the  character¬ 
ization  of  immobilized  enzymes  in  general*®'*®  Experimentally, 
one  can  distinguish  between  substrate  diffusion  limitations 
and  electron  diffusion  limitations  by  varying  the  electrode 
rotation  rate.  Above  some  rotation  rate,  no  external  diffusion 
limitation  will  prevail.  In  the  absence  of  internal  substrate 
diffusion  limitation  and  of  electron  diffusion  limitation,  the 
plots  become  linear  at  sufficiently  high  rotation  rates.  At  this 
point,  the  current  observed  is  the  kinetic  current  (described 
by  eq  6  when  77  =  1).  There  are  additional  postulates  in  eq 
6  which  will  be  discussed. 

Effectiveness  of  Electrical  Communication  via  the 
3-Dimensional  Network.  In  designing  the  3-dimen8ional 
enzyme-containing  redox  polymer  network,  we  seek  to  transfer 
electrons  from  the  enzyme  redox  centers  to  the  network  and 
through  the  network  to  the  electrode,  at  rates  exceeding  the 
maximum  rate  of  electron  transfer  from  the  substrate  to  the 
redox  centers  of  the  enzyme,  i.e.  the  turnover  number  of  the 
enzyme.  When  the  transfer  of  electrons  from  the  substrate 
to  the  network  is  fast  enough  to  maintain  a  sufficiently  high 
steady-state  08*'^:Os®’'  ratio,  i.e.  to  make  the  Nemst  potential 
of  the  film  reducing  relative  to  the  formal  potential,  only  an 
oxidation  current  is  observed  in  slow  scan  rate  cyclic  voltam- 
mograms.  This  oxidation  current  will  be  maintained  until  the 
ratio  08*‘'’:Os®*  decreases,  because  the  rate  of  supply  of 
electrons  to  the  network  from  the  substrate  through  the  en¬ 
zyme  cannot  match  the  rate  of  oxidation  of  the  network  on 
the  electrode.  At  this  point,  the  Nernst  potential  of  the 
network  will  become  sufficiently  positive  for  a  reduction 
current  to  appear  at  a  reducing  potential  relative  to  the  formal 
potential  of  ^e  network.  This  situation  will  arise  at  or  above 
a  scan  rate  related  to  the  turnover  rate  of  the  enzyme  and  its 
relationship  to  the  efficiency  with  which  electrons  are 
transferred  from  the  enzyme  to  and  through  the  network.  As 
seen  in  Figure  Ic,  for  GPO  this  rate  is  2  mV  s  '  and  for  LOX 
it  is  5  mV  s"'.  For  glucose  electrodes  designed  to  exceed  in 
their  enzyme  activity  (and  current  density)  l^e  LOX  and  GPO 
electrodes,  critical  scan  rates  are  of  20  mV  s"'.  For  the  same 
enzyme  concentration  in  the  film,  the  increasing  critical  scan 
rates  reflect  the  increasing  turnover  numbers  for  these  en¬ 
zymes  and/or  the  increasing  effectiveness  of  communication 
via  the  network. 

Under  anaerobic  conditions  both  the  critical  scan  rate  and 
the  current  density  reflect  qualitatively  the  relative  rates  of 
enzymatic  turnover  (process  described  by  eq  1)  and  the  ef¬ 
fectiveness  of  communication  (process  described  by  eqs  2  and 
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3).  Under  aerobic  conditions,  the  current  density  and  the 
suppression  of  current  relative  to  anaerobic  conditions 
qualitatively  reflect  the  effectiveness  of  communication  rel¬ 
ative  to  the  rate  of  electron  transfer  from  the  enzyme  to 
(process  described  by  eq  5).  As  seen  in  Figure  2,  Oj  competes 
more  effectively  for  reduced  LOX  electrons  than  for  reduced 
GPO  electrons.  This  fact  may  signify  a  higher  A3  for  the  GPO 
than  for  LOX  and/or  a  higher  A©  for  LOX  than  for  GPO  (refer 
to  eq  2  and  5). 

pH  Dependence.  The  pH  dependence  of  the  current  in 
“wired”  GOX,  LOX,  or  GPO  differs  from  the  pH  dependence 
of  the  enzyme-catalyzed  oxidation  of  the  substrates  by  O2;  the 
maxima  are  shifted  to  higher  pH,  and  the  peaks  are  broader. 
These  effects  might  be  explained  as  follows:  At  higher  pH 
the  polyanionic  enzyme-polycationic  polymer  complexes  are 
tighter  because  the  enzyme  has  a  greater  net  negative  charge 
when  its  bases  are  deprotonated  and  its  acids  ionized.  Because 
of  the  tighter  binding  in  the  complex,  the  electron-transfer 
distances  are  shorter  and  the  electron-transfer  rates  faster. 
The  broadening  in  the  pH  maxima  of  the  current  densities 
(Figure  3)  reflects  the  balancing  of  the  enhanced  electron 
transfer  and  the  reduced  enzyme  activity  with  increasing  pH. 

A  Himilar  argument  based  on  electrostatics  accounts  for  the 
different  pH  dependences  when  eq  2  represents  the  rate-lim¬ 
iting  step  of  the  process.  The  Os^'*'  relays  abstract  electrons 
from  either  fully  reduced  (FADH^)  or  from  the  (FADH*) 
radical,  transiently  present  because  of  single  electron  transfer 
to  Os^”^.  The  pK,  of  both  of  these  species  is  between  6  and 
7  in  unbound  FAD^  and  is  also  between  6  and  7  for  GPO  and 
GOX'®-^  and  in  FMN-dependent  LOX.^  Thus,  above  pH  7 
the  species  from  which  Os^  accepts  electrons  have  a  negative 
charge.  The  increased  electrostatic  attraction  between  the 
donor  and  the  acceptor  at  higher  pH  again  shortens  the 
electron-transfer  distance  and  increases  the  rate  of  electron 
transfer.  In  contrast,  higher  pH  causes  a  decrease  in  the  rate 
of  the  formation  of  the  peroxo  adduct^  **'^*  formed  upon 
oxidation  of  the  enzyme  by  O2. 

Diffusional  Effects.  As  discussed  earlier,  linearity  of 
Eadie-Hofstee  plots  is  unlikely  when  t;  ^  1  (eq  6).  The 
condition  1;  =  1  requires,  among  other  requirements,  also  that 
substrate  transport  to  the  film  not  limit  the  electrode  kinetics. 
When  substrate  diffusion  to  the  electrode  does  limit  the 
electrode  kinetics,  i.e.  at  suffrciently  slow  rotation  rates,  the 
plots  are  nonlinear  (Figure  5).  When  the  enzyme  loading  is 
high  and/or  when  its  turnover  rate  is  rapid,  mass  transport 
can  limit  the  electrode  kinetics  even  at  high  rotation  rates  and 
the  Eadie-Hofstee  plots  remain  nonlinear  even  for  the  fastest 
rotating  electrodes  (4500  rpm). 

When  linear,  the  intercept  of  the  Eadie-Hofstee  plots  is 
expected  to  be  proportional  to  the  amount  of  active  enzyme 
in  electrical  contact  with  the  electrode.  As  long  as  the  elec¬ 
trical  communication  is  maintained,  the  Eadie-Hofstee  in¬ 
tercept  is  expected  to  be  proportional  to  film  thickness.  The 
Eadie-Hofstee  slopes  should,  however,  be  independent  of  film 
thickness  when  the  concentration  of  polymer  and  enzyme  in 
the  film  remain  constant.  As  seen  in  Figure  6,  the  slopes  are 
indeed  independent  of  Him  thickness  and  the  intercepts  are 
proportional  to  Him  thickness  in  both  GPO  and  LOX  elec¬ 
trodes.  At  zero  film  thickness,  the  intercepts  should,  however, 
be  nil.  That  this  is  not  exactly  the  case  reveals  a  small  sys¬ 
tematic  error  in  our  estimate  of  Him  thickness. 

The  slope  of  the  Eadie-Mof«tee  plots  represento  the  ap¬ 
parent  of  the  electrodes  and  is  near  3  mM  for  the  GPO 
and  0.2  mM  for  the  LOX  electrodes  analyzed.  The  slopes, 
i.e.  the  apparent  Kq  values,  can  be  readily  varied  over  a  wide 
range  by  changing  the  enzyme:polymer  ratio.  Though  we  do 


not  show  this  in  the  results,  the  slopes  have  been  decreased 
by  1  order  of  magnitude  in  both  electrodes  by  increasing  the 
enzymeipolymer  ratio.  As  expected,  when  the  ratio  was  in¬ 
creased,  the  Eladie-Hofstee  plots  became  nonlinear  even  at 
high  electrode  rotation  rates.  Evidently,  either  diffusional 
substrate  transport  or  electron  diffusion  in  the  electrically 
insulating  enzyme-enriched  network  and  not  the  enzyme's 
turnover  capacity  now  controlled  the  electrode  kinetics. 
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Glucoae  oxidase  is  covalently  bound  in  a  film  of  croes-linked,  redox-conducting  epoxy  cement  on  the  surface  of  electrodes. 
The  binding  simultaneously  immobilizes  the  enzyme  and  connects  it  electrically  with  Um  electrode.  The  effects  of  cross-linker 
oonoentration,  film  thickness,  enzyme  oonoentratioa,  temperature,  and  oxygen  ooncentiatioo  on  the  steady-state  dectrocatalytic 
oxidation  of  ^ucose  at  the  redox-epoxy  enzyme  electrodes  are  descriM.  The  catalytic  ‘reaction  layer*  extends  through 
the  entire  Film,  even  for  films  as  thick  as  ca.  Sum.  The  limiting  catalytic  current  density  is  a  function  of  the  enzyme  concentration, 
reaching  a  maximum  near  35  wt  %  enzyme  for  films  about  I  runtlw^  In  such  films,  ^activation  energy  for  the eiectrocatalytic 
reaction  at  high  glucose  oonoentration  is  63  kJ /mol,  and  the  apparent  Michaelis  constant  monotonically  decreases  with  increasing 
enzyme  concentration  and  increases  with  increasing  oxygen  concentration.  These  results  are  explained  by  postulating  that 
in  such  ~  1  Mm  thick  redox-epoxy  enzyme  films  the  rate-limiting  kinetic  step  at  high  substrate  concentration  is  related  to 
electron  transfer  away  from  the  enzyme  active  site,  a  process  involving  flexing  of  the  cross-linked  redox  chain  s^ments. 
This  bottleneck  may  be  attributed  to  the  high  activity  of  the  enzyme  and  the  small  contact  area  between  the  redox  polymer 
and  the  enzyme-active  site  that  is  recessed  inside  the  insulating  protein  shell  of  the  enzyme. 


latroductiou 

The  development  of  enzyme  electrodes  has  reached  a  point  of 
confluence  with  recent  developmentt  in  the  field  of  redox  poly¬ 
mer-mediated  electrocatalysis.  Enzymes  have  been  immobilized 
in  redox  polymer  fllms  to  provide  simple  and  sensitive  ampero- 
metric  biosensors,  which  no  longer  require  the  presence  of  mem¬ 
branes  to  contain  the  enzymes.*'’  Gmcurrently,  the  theoretical 
and  experimental  characterization  of  discrete  catalytic  species 
dtspers^  in  redox  polymers  has  progressed.*^  It  was  recognized 
that  some  of  the  characteristics  of  redox  polymers  that  are  de¬ 
sirable  in  electrocatalytic  films,  such  as  chemical  inertness  and 
rapid  electron  self-exchange  rates,  are  not  necessarily  compatible 
with  catalytic  properties  that  may  require  the  adsorption  of  spedes, 
the  accessibility  of  multiple  oxidation  states,  or  the  ability  to 
transfer  both  protons  and  electrons.  Thus,  a  number  of  groups 
have  envisioned  the  dispersion  of  discrete  catalysts  in  redox 
polymers  to  separate  and  independently  optimize  the  two  functions 
of  caulysis  and  charge  transfer  to  the  electrode. 

We  recently  reported  the  immobilization  glucose  oxidase  in 
cross-linked  redox  polymers  and  their  application  as  biosensors.* 
The  preceding  paper  in  thn  series'**  reported  an  improved  system 
for  the  immobUization  of  oxidoreductases  in  redox  polymers  and 
described  the  electrochemical  characterization  of  the  pure  redox 
polymer  (polyfvinylpyridine)  containing  complexed  (bpyljOsCl 
groups  arid  partially  quatemized  with  bromo^ylamine,  abbre¬ 
viated  POs-EA).  This  paper  examines  the  effects  of  varying 
cross-linker  concentration,  fllm  thickness,  enzyme  concentration, 
temperature,  and  oxygen  concentration  on  the  steady-state  elec¬ 
trochemical  response  of  these  glucose  oxidase  containing  redox 
polymer  films.  The  apparent  Michaelis  constant  and  the  maxi¬ 
mum  catalytic  current  density  depend  on  a  number  of  these 
variables.  One  goal  of  this  work  is  to  develop  an  understanding 
of  the  kinetic  st^s)  that  limhfs)  the  steady-state  catalytic  currmt 
in  such  enzyme  electrodes. 

EstparlnNatal  Sccthm 

Chimicalb  Ghioose  oxidase  (EC  1.1.3.4)  from  Aspergillus  niger 
(Sigma,  catalog  no.  G-813S),  catalase  (EC  1.11.1.6)  (Sigma, 
catalog  no.  C-100)  and  Na-HEPES  (sodium  4-(2-hydroxy- 
etbyl)-l-|riperazineethanesulfonate)  (Aldrich)  were  used  as  re¬ 
call.  All  experimentt  were  performed  in  aqueous  solution 
containing  100  mM  NaCl  and  20  mM  phosphate  at  pH  7.1. 

Electrodes.  Vitreous  carbon  rotating-disk  electrodes  (3  mm 
diameter)  were  employed  for  this  study.  Electrode  films  were 

^Present  adifaeis:  Sotar  Energy  Reteucb  iMtitnte,  1617  Cole  BM.. 
OoMen,  CO  S040I-3393. 


prepared  as  described  previously'*'  except  that  a  solution  of  glucose 
oxidase  (GO)  was  added  to  the  solution  containing  the  redox 
polymer,  POs-EA,  and  the  diepoxide  cross-linking  agent,  PEG. 
For  example,  S  mL  of  a  2  mg/mL  solution  of  GO  (in  10  mM 
HEPES,  pH  8.2)  was  added  to  a  mixture  of  10  mL  irf^a  4  mg/mL 
solution  d  POs^-EA  (in  the  sariK  buffer)  and  2  mL  of  a  2J  mg/mL 
solution  of  PEG  (polyethylene  glycol  diglyddyl  ether)  in  water. 
A  2-mL  portion  of  the  resulting  mixture  was  applied  to  a  vitre¬ 
ous-carbon-disk  electrode  and  allowed  to  dry  a^  set  at  37.5  *C 
for  48  b.  The  electrodes  were  then  rinsed  in  HjO  for  10  min  to 
remove  salts  and  unreacted  species  and  then  dried  at  37.5*  for 
one  more  hour  before  use.  The  resulting  films  were  assumed  to 
contain  the  same  relative  amounts  of  the  three  components  as  did 
the  solution,  i.e.  in  this  example,  18.3  wt  %  GO,  8.4  wt  %  PEG, 
and  73.3  wt  %  POs-EA.  Solutions  with  a  ratio  of  GO/POs-EA 
«>  1  or  greater  tended  to  precipitate.  Even  though  they  were  used 
immediatdy  tb^  stiU  resulted  in  less  uniform  elokrodes  than  those 
from  the  more  dilute  solutions.  If  allowed  to  go  to  completion, 
such  precipitation  removed  all  color  from  the  solution;  i.e.,  the 
precipitate  contained  all  GO  and  POs-EA. 

Unless  otherwise  noted,  all  experiments  were  carried  out  in  a 
water-jacketed,  single<oinpartment  electrodiemical  cdl  containing 
100  mL  of  the  standard  buffer  solution  at  an  electrode  rotation 
rate  of  1000  rpm.  Potentials  are  reported  against  the  aqueous 
saturated  calomel  electrode  (SCE). 

Results  and  Dbcuiilon 

Glucose  OxMaac  Coutaiaiug,  Cross-Linked  Redox  Polyumr 
FIIhh,  GO/POs-EA/PEG.  The  immobilization  of  enzymes  in 
inert  polymers  has  been  a  subject  of  extensive  research."-'’ 
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OInooM  Oxidue  Coatainiiig  Enzyme  Etectrodes 


e  /  Vota  VI  SCE 

FlfMC  1.  Cyclic  volttminograiitt  of  a  POi-EA/GO/PEG  film  on  a 
vitfcoua-carbon-diak  eloetitide.  The  film  oontaiM  36  wt  %  GO,  3  wt  % 
PEG,  the  turface  coverage  of  oamium  sites  is  F  ■  3.2  X  KT*  mol/cm’. 
The  soKd  curves  show  two  scans,  at  I  mV/s  and  5  mV/s,  in  the  absence 
of  ghioase;  5  *  28.3  itKIca?.  The  dashed  curve  shows  a  scan  at  S  mV/s 
in  the  presence  of  SO  mM  glucose;  S  >  56.6  fiA/cm^- 

Recently,  oxidoreductases  were  imtnobUized  in  electrically  active 
polymers*'^'^  to  establish  electrical  communicatitRi  with  the  en¬ 
zyme-active  site,  while  at  the  same  time  reaping  the  benefits  of 
enzyme  immobilization.  Relative  to  the  earlier  explored  reactions, 
the  network-forming  reactitm  between  the  polyfethylene  glycol) 
diglyddyl  ether  (PEG)  and  both  the  primary  amines  (lysines)  on 
the  enzyme  surface  and  the  pendant  amines  on  the  osmium- 
containing  reik»(  polymer  (PO^EA)'**  is  simple  and  gentle.  The 
reaction  proceeds  at  room  temperature  and  neutral  pH.  It  allows 
the  simultaneous  immobilization  and  electrical  connection  of 
several  enzymes,  including  glucose  oxidase,  lactate  oxidase,  gly- 
cerol-3-phosphate  oxidase,  and  o-amino  acid  oxidase.  The  re¬ 
sulting  enzyme  electrodes  retain  much  of  the  activity  and  the 
specificity  of  the  enzymes.'*  Because  the  cross-linked  film  is 
formed  on  the  surface  of  the  dectrode,  only  microgram  quantities 
of  enzyme  are  needed  and  no  further  purification  d  products  (e.g., 
gel  chromatography)  is  required.  The  procedure  reproducibly 
yields  highly  permeable,  strongly  bound,  hydrophilic  films  that 
may  be  view^  as  enzyme-containing,  redox-conducting  epoxy 
cements. 

EleetrochcBsical  Response  of  GO/POs-EA/PEG  PIIhm. 
Electrodes  with  o'!  laa  thidc  films  containing  two  parts  by  weight 
POs-EA  to  one  part  GO  and  weight  percentages  of  PEG  varying 
from  1.6%  to  18.S%  of  the  total  were  prepared.  At  this  film 
thickness  and  POs-EA/GO  ratio  the  cross-linker  concentration 
had  no  discernible  effect  on  the  electrodiemical  properties  of  the 
enzyme  dectrodes.  The  average  oxidation  peak  potential  of  these 
electrodes  was  £p  ■  0.278  Jt  0.003  mV  (SCE).  No  trend  was 
observed  in  Ef  with  PEG  concentration,  in  contrast  with  that 
observed  for  the  enzyme-fiee  redox  pdymer."’  Most  of  the  enzyme 
electrodes  reported  hereafter  contained  4-8%  PEG  by  weight. 

(12)  Trevan,  M.  D.  ImmobtUud  Eiuymtr,  Wiley:  New  York,  1980. 

(13)  FouMs,  N.  C.;  Lowe,  C.  R.  J.  CMtm.  Soe.,  Faraday  Traiu.  1 1986, 
$2, 125»-I264. 

(14)  Katakit,  I.;  Gregg.  B.  A.;  Heller,  A.  Unpublithed  results. 
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Cyclic  voltanunograms  of  a  typical  film  of  GO/POb-EA/KG 
in  the  standard  buffer  solutioa  are  shown  in  Figure  1.  This  film 
contained  36  wt  %  GO  and  S  wt  %  PEG,  while  the  surface  cov¬ 
erage  of  electroactiveasnniumcentcn  was  F*  3.2  X  KT*  mol/cm^. 
The  voltammogram  at  1  mV/s  and  in  the  absence  of  glucose 
exhibits  an  almost  symm^ric  wave  (peak  splitting,  AE.  *  10  mV) 
indicative  of  a  revmiUe,  surface-bound  couple.  At  S  mV/s,  the 
pMk  splitting  is  substantially  increased  (AE,*  25  mV)  and  a 
tailing  of  the  wave  indicates  the  onset  of  a  difTusional  process.'^ 
Thus,  the  GO-containing  films  exhibit  slower  charge-transfer 
kinetics  than  the  pure  redox  polymer  films.'" 

Addition  of  glucose  (SO  mM)  to  the  buffer  solution  results  in 
its  catalytic  electrooxidation  (dashed  line.  Figure  i)  according 
to 

GO-FAD  +  glucose -►  GO-FADHi  +  gluconolactone  (1) 

OO-FADH,  +  2  Os(lll)  —  GO-FAD  +  2  Os(II)  +  2  H* 

(2) 

where  GO-FAD  represents  the  oxidized  form  of  the  flavin  adenine 
dinucleotide  bound  to  the  active  site  tif  glucose  oxidase  and  GO- 
FADHj  represents  its  reduced  form.  GO-FADHj  is  reoxidized 
by  two  osmium(III)  centers  of  the  polymer  (or  by  two  sequential 
oxidations  by  a  single  Q8mium(III)  carter)  with  tte  corresponding 
reduction  of  the  r^ox  polymer  centers  and  the  release  of  two 
protons.  One  difference  between  the  kinetics  of  such  an  enzyme 
electrode,  constructed  from  a  cross-linked  redox  polymer,  and 
homogeneous  sohition  kinetics  b  that  the  redox  sites  in  the  polyma 
cannot  diffuse.  Thus,  all  redox  sites  are  not  equivalent:  part  of 
the  redox  cartas  lie  c^  enough  to  enzyme-active  sites  to  pemrit 
electron  transfa  from  the  reduced  enzynre  to  the  oxidized  redox 
centa  (eq  2)  within  a  defined  period.  The  renraining  redox  ceaten 
(except  thoM  in  contact  with  the  electrode)  participate  only  in 
electron  self-exchange  reactions.  Thus,  after  transfa  from  the 
arzynre-active  site,  electrons  of  the  asmium(II)  centers  ‘difluse” '" 
through  the  redox  polyma  (eq  3)  to  the  eketrode.  The  oxidation 

05(11)  +  Os(III)  —  Os(III)  +  Os(II)  (3) 

of  Os(II)  centers  closet  to  the  electrode  b  expected  to  be  rapid 
and  thus  b  uirlikely  to  contribute  to  the  observed  kinetks.'^  The 
overall  reaction  represents  the  two-electron  oxidation  of  glucose 
by  the  electrode,  a  process  that  b  kinetically  forbidden  on  an 
unmodified  electrode  in  thb  potential  range. 

GhKCseRsapense  and  Apparent  MfchaeBsCnHanli  of  Eazys 
Etectrodes.  The  steady-state  glucose  response  curves  unda  ni- 
trt^en-.  air-,  and  oxygen-saturated  conditions  were  measured  at 
1000  rpm  and  0.40  V  vs  SCE,  i.e.  at  a  potential  on  the  {dateau 
of  the  catalytic  current  response  (Figure  1).  Figure  2a  shows  the 
lesponse  curves  for  dectroto  with  ~  I  nm  thidc  films  containing 
4.2%  GO  by  weight,  a  less  than  optimd  fraction  of  the  enzyme. 
Aliquots  of  a  1.0  M  solution  of  glucose  in  the  standard  buffa  were 
injected  into  the  ceU  and  the  st^y-state  current  afia  stabilization 
(5-25  s)  was  recorded  as  a  function  d' glucose  concentration.  The 
dectrode  current,  at  moderate  glucose  concentrations,  decreased 
substantially  in  the  presence  of  air  or  pure  oxygen  because  of  the 
competition  baween  the  Os(III)  centers  and  ^  fa  the  reduced 
form  of  the  enzyme*  (eqs  2  and  4). 

GO-FADH2  -I-  O2  —  GO-FAD  +  H,Oj  (4) 

The  glucose  response  curves  can  be  dacribed  phenomenolog¬ 
ically  by  the  Michaelb-Menten  equation,  expressed  here  in  the 
Eadie-Hofstee  form:*-'"*” 

J,-Ja»-KsV,/C*)  (5) 


(15)  Murray,  R.  W.  In  Eltetroamdyttcal  Chtmistry,  Bard,  A.  J.,  Ed.; 
Manwl  Dekker  New  Yoitk,  1984;  pp  191-368. 

(16)  Andrieux,  C.  P.;  Dumat-BoucUat,  J.  M.;  Saveant,  J.  M.  J.  Elte- 
troaital.  Chem.  1982, 13i,  1-3S. 

(17)  Anson,  F.  C.  J.  Pkys.  Chtm.  1988,  84,  3336-3338. 

(18)  Price,  N.  C;  Stevens,  L.  Fuadamtittals  qf  Easymotogy,  Oxford 
Univerdty  Piw:  Oxford,  1982. 

(19)  Castner,  J.  F.;  Winoid,  L  B.,  Jr.  EMuadstry  1984, 23, 2203-2210. 
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Flfvel.  (a)  Sieady-tute  glucose  retpoitte  curvet  under  N],  air,  and 
tor  an  eketnxie  witb  4.2  wt  %  GO,  7.6  wt  %  PEG,  and  F  >  4.7  x  I0~* 
mol/cm^  The  electrode  was  held  at  0.4  V  va  SCE  and  rotated  at  1000 
rpm  in  aqueoui  bufTer  at  pH  7.1.  (h)  Data  from  part  a  plotted  as  an 
^die-Hofttee  plot  (eq  S).  The  negative  of  the  slope  gives  the  apparent 
Michaelis  constant  of  the  electrode,  ATg',  and  the  interoept  gives  the 
limiting  catalytic  current  density, 

where  is  the  steady-state  catalytic  current  density,  j,.!  is  the 
maximum  current  density  under  saturating  substrate  conditions, 
ATs'  is  the  apparent  Miclueljs  constant  (which  is  not  an  intrinsic 
property  of  the  enzyme,  but  rather  of  the  system  as  a  wh(4e),  and 
C*  is  the  concentration  of  glucose  in  solution.  We  will  show  below 
that  consistency  with  eq  5  does  not  necessarily  imply  that  the 
observed  process  is  limited  by  enzyme  kinetics.  We  employ  eq 
5  only  for  a  phenomenological  description  of  the  electrodes;  a 
detaiM  kinetic  modd  of  thw  complex  systenn  is  beyond  the  scope 
of  this  work.  The  glucose  response  data  (Figure  2a)  were  plotted 
according  to  eq  5  (Figure  2b)  giving  straight  lines  with  slopes  equal 
to  the  negative  of  the  apparent  Mkhadis  constants  and  intercepts 
equal  to  J^.  The  apparent  Michaelis  constants  increase  sub¬ 
stantially  in  the  order  (ATsOnj  mM)  <  (ATsOtir  (37.S  mM) 
<  (ifsOo^  (64.5  mM).  Ks'  and  characterize  the  enzyme 
electrode  in  a  particular  environment,  not  the  enzyme  itself.  Kf 
b  equal  to  the  substrate  concentration  that  dkits  a  half-maximal 
lesponse  from  the  electrode. 

Clncoae  DtfTuston  throngh  FHms.  The  redox  epoxy  without  the 
enzyme  has  an  open  structure  that  should  make  it  highly 
permeable  to  glucose.'**  Because  the  permeability  is  not  directly 
noeasurable  (glucose  b  not  electroactive  at  the  electrode  surface), 
the  effect  of  dectrode  rotation  rate  on  the  catalytk  current  density 
at  several  concentrations  of  glucose  was  measured  and  plotted  as 
a  Levkh  plot  (Figure  3).^'  A  diffusion-limited  process  appears 
in  such  plots  as  a  straight  line  passing  through  the  origin  with 
a  slope  proportional  to  the  power  of  the  diffusion  coefficient. 
The  alMnce  of  a  rotation  rate  dependence  in  these  enzyme 
electrodes  indicates  that  the  kinetk  process  limiting  the  current 
b  not  glucose  transport  to  the  surface  of  the  ~  1  M>n  thick  film 
and  that  ^ucose  transport  to  the  film  surface  does  not  significantly 
alter  the  concentration  profile  of  glucose  within  the  electroecthre 
film.^ 


(21)  Bsrd,  A.  J.;  Fsulkner,  L  R.  EUctrochtmieal  yahoJr.  Wiley:  New 
York,  1910. 


FIgwe  3.  Levich  plot  for  glucose  oxidation  at  several  oonoentrationt  of 
glucose  for  an  electrode  with  IS  wt  %  GO,  7  wt  %  PEG,  and  F  w  |.| 
X  l(r<  mol/cm*.  K  ■  0.4  V  vs  SCE. 
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flgsK  4.  Limiting  catalytic  current  density  as  a  function  of  surface 
coverage  for  electives  with  18  wt  %  GO  and  8  wt  %  PEG.  [Glucose] 
«  200  mM;  K  ■  0.40  V  vs  SCE. 

TMcknsas  Dspcndwicf  of  Catalytk  Current  The  increase  in 
limiting  catalytic  current  density  in  the  presence  of  200  mM 
glucose  in  a  series  of  electrodes  of  increasing  surface  coverage  of 
Os(II)/(III)  centers  (thickness)  is  shown  in  Figure  4.  Tliese 
GO/POs-EA/PEG  films  contained  18  wt%GOaind8  wt%reG; 
the  surface  coverage  of  osmium  centers  was  varied  from  F  >  2.1 
X  10^  md/cm*  to  r  “  1.1  X  10**  mol/cm^  by  varying  the  amount 
and  concentration  of  film-forming  solution  applied  to  the  electrode. 
These  data  show  a  breakpoint  between  low  and  high  surface 
coverages:  although  the  limiting  catalytk  current  density  increases 
approximately  linearly  with  thickness  for  the  thin  Hlms,  the  rate 
of  increase  is  much  less  than  that  for  thicker  films.  The  reason 
for  the  breakpoint  is  not  clear. 

Figure  4  shows  that  the  limiting  catalytic  current  density 
continues  to  increase  with  thickness,  even  for  very  thick  films. 
Thus,  the  electroactive  portion  of  the  film,  the  “reaction  layer”, 
extemb  through  the  entire  film  thidaiess.'*<^  Thb  contrasts  with 
the  results  described  for  the  electrocatalytk  oxidation  of  hydro- 
quinone  cm  the  enzyme-free  redox  polymer,'**  where  the  current 
decreased  with  increas^  film  thktaiess,  at  least  for  films  thidter 
than  ca.  r  *  1.3  X  10^  mol/cm^  and  the  reaction  layer  con¬ 
stituted  only  a  fraction  of  the  film  thickness.  In  the  latter  case, 
the  limiting  current  density  was  ca.  50  times  higher  than  that  for 
the  enzyme<atalyzed  reaction  in  the  thickest  film  shown  in  Figure 
4.  These  results  can  be  put  in  perspective  by  considering  the 
relative  density  of  catalytk  sites  in  the  two  cases;  for  hydroquinone 

(22)  Andrieax,  C.  P.;  Hast,  O.;  Stvesat,  J.-M.  J.  Am.  Chtm.  Soe.  19M, 
/09,  817S-8I82. 
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Fl(m  5.  Arrhemiu  plot  of  caUlytic  density  for  glucose  oxidation  at 
[gliMoae]  ■  ISO  mM  (4)  and  at  [glucose]  -  2  mM  (a)  for  an  electrode 
with  4.2  wt  %  GO,  7.6  wt  %  PEG,  and  T  *  4.7  X  10^  mol/cm^.  Also 
shown  is  the  chronoemperometric  response,  D,<V<  *»  electrode 

containing  no  GO  with  9.1  wt  %  PEG  and  T  *  3.7  x  l(y*  mol/cm^  (0). 

oxidation,  the  catalytic  site  is  the  osmium  complex,  while  for 
glucose  oxidation,  catalysis  takes  place  at  the  enzyme-active  site. 
Glucose  oxidaae  is  a  dimer  of  mdmlar  weight  160000,  or  80000 
per  active  site,^  while  the  POs-EA/PEG  wdght  is  approximately 
ISOO  per  osmium  complex.  Thus,  pure  F^-EA/PEG  films 
contain  a  density  of  sites  active  for  hydroquinone  oxidation  (os¬ 
mium  complexes)  about  300  times  greater  than  the  density  of  sites 
active  for  glucose  oxidation  (FAD  centers)  in  the  films  shown  in 
Figure  4.  Hence,  it  is  reasonable  to  expect  the  “reaction  layer” 
for  the  enzyme-catalyzed  reaction  to  be  much  larger,  and  the 
current  densities  smaller,  than  for  the  osmium  complex  catalyzed 
reaction.  The  relative  rate  constants  for  the  two  oxidations  may 
also  contribute  to  the  relative  current  densities. 

ActindianEMrgiciferESectiocsimlytkGhKaaeOxidBtiaiL  The 
change  in  steady-state  electrocatalytic  oxidation  current  with 
temperature  at  two  concentrations  of  glucose  is  shown  in  Figure 
S  as  an  Arrhenius  plot  Abo  plotted  is  tte  temperature  depemfence 
of  the  “diflusion  coefficient”  for  electrons,  for  an  enzyme-free 
film  of  about  the  same  PEG  concentration  as  the  enzyme  dectrode 
(data  taken  from  ref  10).  A  ~1  im  thick  GO/POs-EA/PEG 
electrode  containing  a  low  concentration  of  GO  (4.2  wt  %)  was 
selected  for  this  study  to  minimize  possible  enzyme-enzyme  in¬ 
teractions.  The  experiment  was  carried  out  under  nitrogen  where 
the  apparent  Michaelis  constant  of  thu  electrode  is  18.7  mM. 
Thus,  the  higher  concentration  of  glucose  (ISO  mM  %  8  K^') 
employed  b  widi  into  the  limiting  current  region  for  thu  electrode, 
ix.  where  the  overall  electrode  reaction  is  zero  order  in  glucose. 
The  lower  concentration  of  glucose  (2  mM  >«  0.1  K^)  corresponds 
to  the  “linear”  range  of  the  electrode  where  the  overall  electrode 
reaction  is  first  order  in  glucose. 

The  activation  energy  for  the  electrocatalytic  current, 

62  kJ/mol,  at  high  glucose  concentration  u  practically  identical 
with  that  fat  charge  transfer  through  the  r^ox  polymer.  (The 
average  for  four  electrodes  was  >  60  ^  2  kJ/mol.)'*’  For 
ewnparison,  the  activation  energy  of  glucose  oxidase  itself  is 
reported  to  be  approximately  14  kJ/mol.^^  At  low  glucose 
concentration,  the  Arrhenius  plot  H  di^nctly  curved.  It  u  possible 
to  fit  the  low  concentration  result  to  two  activation  energies, 
w  66  kJ/mol  bdow  room  temperature  and  »  33  kJ/mol  above 
room  temperature,  although  thu  procedure  n  necessarily  inexact. 
Thu  difference  between  the  low  and  hi^  glucose  regimes  has  been 
observed  for  alt  thick  (>l  mRi)  film  electrodes  thus  examined.  It 
appears  that  two  separate  rate-limiting  processes  are  in  balance 


(23)  TMge,  H.;  Natwald,  O.;  Obashi,  K.  J.  moektm.  1975, 78, 833-843. 

(24)  Csfvsilw,  L.  B.  3.;  Meio,  E.  H.  M.;  Vsoonceiot,  A.  R.  A.;  Lira,  R. 
R.  An.  mol.  TtckmA.  I9M,  29.  323-31. 

(23)  Ko,  J.  H.;  Byun,  S.  M.  Taehm  Hwahakhoe  CM  1979,  23, 163-74. 
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weight  %  GO 

FlgBK  6.  Limiting  catalytic  current  density,  /— ..  as  a  function  of  wt  % 
of  glucose  oxidase,  GO,  in  the  film.  The  total  weight  of  the  film  com¬ 
ponents  applied  to  each  electrode  was  approxinutely  100  Mg/cm^.  The 
data  are  from  two  series  of  experiments  with  different  batches  of  GO: 
/_■  for  the  first  series  (D)  is  given  on  the  right  axis,  for  the  second  series 
(0)  on  the  left.  The  curve  is  an  aid  to  the  eye. 

at  low  glucose  concentrations.  The  process  that  limits  the  low- 
glucose-concentration  current  at  higher  temperatures  is  distinct 
from  the  process  that  limits  the  current  at  high  glucose  concen¬ 
tration  and  the  process  that  limits  electron  diffusion.  Thin  (<0.1 
iun)  cross-linked  or  noncross-linked  POs-EA  films  with  adsorbed 
or  bound  GO  show  an  activation  energy  for  the  electrocatalytic 
current  of  ca.  33  kJ/mol,  independent  of  glucose  concentration.^ 
These  data  support,  but  do  not  prove,  the  hypothesis  that  the 
rate-determining  step  at  high  glucose  concentration  for  the  ~  1 
Mm  thick  cross-Unk^  enzyme  electrodes  is  related  to  electron 
diffusion  through  and/or  to  the  redox  polymer.  An  example  of 
such  a  rate-controlling  step  might  be  chain  flexing  that  causes 
two  redox  centers  to  approach  each  other  sufficiently  for  the 
electron  to  be  transferr^.  At  low  glucose  concentration,  or  for 
the  thin,  adsorbed  films,  the  rate-determining  step  is  di^erent. 

Catalytic  Curreat  aad  Apparait  Mkhadia  Coastaat  as  a 
Fuacthm  of  Eazyaw  Loadlag.  Glucose  response  curves  were 
measured  for  two  series  of  GO/POs-EA/PEG  electrodes  con¬ 
taining  concentrations  of  GO  varying  from  0.9%  to  71%  by  weight 
The  total  weight  of  the  three  components  applied  to  the  electi^ 
surface  was  kept  approximately  constant  at  about  100  Mg/cm^ 
(i.c.,  if  the  density  is  assumed  to  be  1  gm/cm^,  these  films  are 
about  1  Min  thick).  The  limiting  current  densities  under  nitrogen, 
obtained  from  the  intercepts  of  Eadie-Hofstee  plots,  are  plotted 
against  the  wt  %  of  GO  in  the  film  in  Figure  6.  llie  data  are 
from  two  series  of  experiments  that  employed  different  batches 
of  GO,  the  first  of  which  produced  current  doisities  about  3  times 
higher  than  the  second.  Since  we  are  interested  primarily  in  the 
variation  of  with  %  GO,  the  two  series  are  plotted  together 
in  Hgure  6  with  the  axis  for  the  first  series  3.3  times  that  for  the 
second  series.  Although  there  is  substantial  scatter  in  the  data, 
the  trend  is  clear:  increases  at  first  with  increasing  concen¬ 

tration  of  enzyme,  peaks  at  around  35%  GO,  and  then  decreases 
at  higher  concentration. 

The  apparent  Michaelis  constants  under  nitrogen  of  the  two 
sets  of  electrodes  decreased  monotonically  with  increasing  con¬ 
centration  of  GO  (Figure  7,  two  lower  curves).  The  Ks  tor  the 
first  set  of  electrodes  were  consistently  higher  than  those  of  the 
second,  as  were  the/nu.  The  /Cs'  of  the  second  set  of  electrodes 
under  air  and  O2  (two  upper  curves.  Figure  7)  were  markedly 
higher  than  the  Xg'  under  Nj  and  also  exhibited  an  overall  decline 
with  increasing  concentration  of  GO. 

Kiuetic  limitations  of  E^me/Redox  Polymer  Films.  In  the 
absence  of  a  detailed  kinetic  model  for  such  enzyme  electrodes, 
our  discussion  of  these  results  must  necessarily  be  somewhat 
speculative.  The  results  shown  in  Figures  2,  3,  and  5-7  can  be 

(26)  Ptehko,  M.  V.;  Heller,  A.  UnpubKebed  renilu. 
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FigaK  7.  The  apparent  Michaefit  oonatant,  K^,  at  a  function  of  wt  % 
gluoow  oxidaae  in  the  film  under  N],  air,  and  The  etectrodea  are  the 
lame  ai  in  Figure  6.  Both  the  ftrit  (□)  and  second  (0)  leriei  were  teMed 
under  Nj;  only  the  second  series  was  tested  under  air  (O)  and  O]  (-*-). 
The  curves  are  only  aids  to  the  eye. 

explained  by  assuming  that  is  limited  by  electron  ‘‘difrusitm’* 
through  the  polymer  Him  and  that  this  limitation  becomes  more 
severe  at  higher  enzyme  concentration.  Thus,  the  activation  eneigy 
for  electrocatalytic  oxidation  of  glucose  at  high  glucose  concen¬ 
tration  (Figure  S)  is  identical  with  that  for  electron  Miffusion” 
through  the  pure  redox  polymer  film."*  Since  Oj  competes  with 
the  r^ox  pdymer  film  for  electrons  (eqs  2  and  4),  a  greater 
concentration  of  substrate  is  required  to  reach  the  half-maximal 
catalytic  current  density  in  the  presence  of  Oj  relative  to  N2;  i.e., 
the  apparent  Michaelis  constants  increase  with  oxygen  concen¬ 
tration  (Figures  2  and  7).  If  the  limitation  becomes  more  severe 
at  higliCT  enzyme  concentration,  the  increase  in  is  expected 
to  be  at  Hrst  sublinear,  and  may  eventually  decrease,  with  in¬ 
creasing  enzyme  concentration  (Figure  6).  As  the  catalytic  current 
per  enzyme  decreases  with  increasing  enzyme  concentration,  the 
glucose  concentration  required  to  reach  half-maximal  current  per 
enzyme  also  decreases,  thus  K^'  decreases  monotonically  with 
increasing  enzyme  concentration  (Figure  7).  And  finally.  Figure 
3  is  also  consistent  with  a  catalytic  current  limitation  caused  by 
electron  ‘difrusion”  through  the  Film. 

Figure  4,  however,  shows  plainly  that  the  catalytic  current 
density  (at  least  for  Aims  of  GO  2  ca.  20  wt  %)  is  not  limited 
by  electron  "diffusion*  through  the  bulk  film,  even  for  Films  many 
times  thicker  than  those  shown  in  Figures  6  and  7.  Such  a 
limitation  would  resuh  in  decreasing  catdytk  current  density  with 
increasing  thickness.'*^-^  We  suggest  that  one  possible  expla- 


(27)  Aadrieux,  C.  P.;  Dumas-Bouchist,  J.  M.;  Savesat,  J.  M.  J.  Else- 
tnmai.  Chtm.  17M,  114,  tS9-163. 


nation  of  these  results  is  that  may  be  limited  by  electron 
“diffusion*  away  from  the  enzyme-active  site,  rather  than  by 
electron  “diffusion*  through  the  bulk  polymer.  Enzyme-active 
sites  are,  to  some  extent,  buried  inside  an  insulating  protein  coating 
(otherwise  they  would  be  directly  accessiUe  to  planar  electrodes 
and  other  enzyme-active  sites);^-^’^  thus,  the  electrical  contact 
area  between  the  redox  polynwr  and  the  active  site  may  be  quite 
small.  Furthermore,  glucose  oxidase  is  a  highly  active  enzyme 
capable  of  producing  larger  catalytic  currenu  than  most  oxido- 
reductases.^  Thus,  we  suggest  that  the  “spreading  diffusion*  of 
electrons  away  from  what  is  essentially  a  point  current  source 
during  intermittent  contact,  rather  than  the  bulk  “diffusion*  of 
electrons  through  the  polymer  Film,  may  be  the  factor  limiting 
in  Atnse  enzyme  electrodes. 

The  rate  at  which  electrons  “diffuse*  away  from  the  enzyme- 
active  site  depends  upon  the  local  Os(II)/Os(IH)  concentration 
gradient.  An  increase  in  enzyme  concentration  will  lead  to  a 
decrease  in  steady-state  Os(III)  concentration  as  more  FADH2 
centers  come  into  transient  contact  with  the  redox  polymer.  The 
resulting  decrease  in  the  Os(II)/Os(IlI)  concentration  gradient 
will  decrease  the  rate  at  which  electrons  “diffuse*  away  from  the 
enzyme-active  sites  and  thus  should  lead  to  a  sublinear  increase 
in  electrocatalytic  current  (Figure  6)  and  a  corresponding  decrease 
in  the  apparent  Michaelis  constant  (Figure  7)  with  increasing 
concentration  of  enzyme.  At  very  high  oizyme  concentration  the 
decrease  in  bulk  conductivity  caused  by  the  presmice  of  the  in¬ 
sulating  enzyme  in  the  conducting  polymer  phase  may  become 
the  primary  limitation  to  the  catal^c  current.^^-^ 


Glucose  oxidase  has  been  simultaneously  immobilized  on,  and 
electrically  connected  to,  electrodes  by  binding  in  an  I  nm  thick 
cross-linked,  redox-conducting  epoxy  cement.  The  maximum 
steady-state  current  in  these  modiFied  electrodes  is  apparently 
limit^  by  redox  polymer  kinetics  rather  than  by  enzyme  kinetics. 
The  most  likely  source  for  the  kinetic  limitation  is  an  electron- 
transfer  process,  involving  redox  polymer  chain  flexing,  that  en¬ 
ables  the  transport  of  electrons  away  from  the  active  site  of  the 
enzyme.  The  catalytic  current  is  not  limited  by  diffusion  of  either 
electrons  or  glucose  through  the  bulk  of  the  Film;  the  “reaction 
layer”  extends  through  the  entire  film  thickness.  Control  of  the 
lifting  current  density  and  the  apparent  Michaelis  constant,  i.e. 
the  sensitivity  and  the  dynamic  range,  of  the  enzyme  electrode 
is  passible  by  adjusting  the  concentration  of  enzyme  in  the  films. 
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INTRODUCTION 

Among  the  enzyme-baaed  electrochemical  biosensora  (1-4) 
for  the  determination  of  clinical  and  induatrial  analytea,  the 
moat  widely  uaed  and  atudied  are  those  for  glucoae.  Because 
glucose  oxidase  transfers  electrons  to  diffusing  and  nondif¬ 
fusing  mediators,  withstands  chemical  immobilization  tech¬ 
niques,  and  has  a  high  turnover  rate  ('^10’ s*')  at  ambient 
temperature,  this  enzyme  is  comuumly  used  in  glucose  aenaois. 
Miniaturization  of  glucose  sensors  is  relevant  both  to  the 
measurement  of  glucose  in  small  volumes  and  in  vivo,  and  size 
is  important  in  monitoring  the  dynamics  of  local  chemical 
events  in  specific  regions  of  an  organ.  Sensor  miniaturization 
has  allowed  in  vivo  measurements  of  neurotransmitter  release 
from  dopaminergic  neurons  in  mammalian  brain  tissue  with 
microvoltammetric  electrodes  (5).  In  addition,  microaensors 
with  dimensions  smaller  than  their  substrate  diffusion  layer 
rapidly  attain  steady-state  conditions  via  radial  mass  trans¬ 
port,  aUowing  the  use  of  signal-averaging  techniques.  Glucoae 
microaenaots  have  been  made  by  using  glucoae  im¬ 

mobilized  on  microcylinders,  microdisks,  and  mieroplanar 
surfaces  (6-i  7).  These  microsenaors  measure  either  the  dbange 
in  oxygen  partial  pressure  (16),  the  concentration  of  evolved 
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Flgura  1.  Stnicim  of  iho  poly[(vlny1pyrtdlno)Ot(bpy)|Cl**'^'*^l/poiy- 
omhw  uMd  to  lro«n  the  hydrogai  radox  opoxy. 

HjO}  {7-13),  th«  pH  change  reaulting  from  the  hydrolyaia  of 
gluconolactone  to  gluconic  acid  {14),  or  the  reoxidation  of  a 
small  diffusing  electron  shuttle  other  than  Oj  (6,  IS,  17). 

Recently,  the  immobilization  of  glucoee  oxidase  in  redox 
hydrogels  has  been  reported  {18-20).  Macroelectrodea  made 
with  glucose  oxidase  immobilized  in  these  redox  hydrogels 
show  a  typical  current  density  of  SO  tiA/cxo?  at  5  mM  glucoee, 
have  good  medianical  propertiee,  and  are  stable  when  stmed. 
This  papeT  examines  the  current  densities  and  sensitivities 
that  are  reached  in  enzymeHxmtaining  redox  hydrogels  in  the 
absence  of  solution  mass  transport  limitations  and  radial 
charge  diffusion  through  the  enzyme-redox  hydrogel  network 
on  microeleetrodes.  The  roughly  disk-ahaped  micmelectrodes 
consist  of  beveled  carbon-fiber  tips  of  7  iim  diameter  em¬ 
bedded  in  an  insulation  material,  the  overall  diameter  being 
leas  than  20  Mm.  The  microelectrodes  are  coated  with  glucose 
oxidase  immobilized  in  a  redox  epoxy  formed  from  three 
components,  (a)  polyivinylpyridinel-contaicing  Oa(bi- 
pyridineljCl,  partially  quatemized  with  bromoethylamine 
(POs-EA),  (b)  glucoee  oxidase,  an  enzyme  with  15  lysine 
residues  (2i),  and  (c)  polyethylene  glycol  diglycidyl  ether,  a 
cross-linking  agent  that  reacts  with  primary  amines  on  both 
the  redox  polymer  and  the  enzyme  lysine  residues. 

We  find  that  the  redox  epoxy  hydrogel  based  glucose  mi¬ 
croelectrodes  exhibit  high  steady-state  current  densities  (0.3 
mA  cm'^  and  sensitivity  (20  mA  cm~*  M'*)  at  5  mM  glucose, 
10%-90%  response  timas  of  <6  s,  and  an  apiROximately  linear 
glucoee  conoentratum  dependence  up  to  6  mM.  Compared 
to  maeroaioetradoo  with  a  similar  redox  epoxy  hydrogel 
coating,  the  micinelectrodee  show  a  10-f<dd  in'-reaar;  in  current 
density,  hapwved  signal  to  noise  ratios,  lower  ^uooeedetectioo 
limits,  significantly  reduced  sensitivity  to  oxygen,  and  rapid 
reeptmae  to  changes  in  glucose  concentration.  We  attribute 
these  to  radial  charge  transport  through  the  redox  network 
to  the  microelectrode  surface. 

EXPEBIRfENTAL  SECTION 

BeagMts.  Ghiease  oxidase  (EC  1.L3.4I  dVpe  X,  128  umta/mg 
solid)  from  AtptrgUlut  nigtr  (Sigma  Chemical  Ca),  and  (poly- 
ethyiene  gtyool.  MW  400)  diglycidyl  ether  (Potyeeienom)  were  used 
as  receiv^.  The  redox  polymer  (19)  shown  in  Figure  1  was 
synthesised  as  previously  reported. 

Apparatus.  An  BGAG  Princeton  Applied  Research  273  po- 
tentioetat/galvanoetat  wm  used  for  cy^  vohammatry  and 
omstant-potantial  experiments.  For  the  nucroslecttode  exper¬ 
iments,  the  conants  were  premaplified  by  using  a  Keithley  Model 
427  current  amplifiar  or  a  Keithley  Modal  617  electrometer  prior 
to  A/D  eonraieioo  vk  the  auxiliary  input  of  the  potantiaotxL  An 
IBM  PS/2  Model  80  computer  wi^  aoftware  deiwioped  in  house 
wm  used  for  controlling  tM  potantiootat  and  for  data  aoquisitioa 
All  ezperimanis  were  parforz^  in  a  Faraday  cage.  A  conventional 
three  electrode  system  wm  used  with  a  Pt-wire  counter  electrode 
endamtMrmedcBlcmelilectrode(8CE)mtfaeieliwance.  Vitrsooi 
cartaon-diak  eiectiodm  (3  nun  diameter)  made  by  using  V-10 
vitreous  carbon  rods  (Atomstgic  Cbemstals)  ware  poiisM  on 
alununa  powder  euepensione  (Bushier)  dscreaeing  in  pertide  aim 


Flgura  2.  Pholovaph  of  a  beveled  carbon-flbar  rnfaroelectroda 
inodMed  witti  the  anzynte-comalnlng  redox  hydrogel. 

A  flow  cell  Mniiliw  to  one  described  in  the  literature  (22)  and 
a  rotary  injection  valve  (Beckman)  were  used  for  flow  injection 
analysis.  The  microelectrode  was  inserted  by  using  a  microma- 
nipulator  into  a  0.75-mm  channel  located  approximately  2  cm  from 
the  injection  valve.  The  reference  (SCE)  and  counter  (Pt) 
electrodm  were  placed  approximately  1  cm  downstream  frcan  the 
working  electrode. 

Mieroeleetiode  Fabrication.  Beveled  carbon-fiber  microe- 
lectrodm  were  fabricated  in  a  manner  similar  to  the  fabrication 
of  electrodm  for  the  in  vivo  study  of  neurotransmittera  (5).  A 
7-Mm  carbon  fiber  (Thomell  300,  Union  Carbide)  wm  inserted 
into  a  2  mm  o.d.  Pyrex  glam  tube.  The  tube  wm  pulled  on  a 
micropipet  puller  (Nariahige  Model  PB-7)  to  yield  a  glam  tip  of 
approiimataly  20  am  ad.  The  glam  tip  wm  then  filled  by  capillary 
rise  of  a  low  viacoaity  epoxy  (Spurt,  Polysciencm)  and  cu^  at 
70  *C  for  2  days.  The  tip  wm  then  polished  at  an  angle  of  45* 
with  a  micropipet  bevaler  (Model  BV-10,  Sutter  Instrument  Ca) 
on  an  extra-Hne  diamond  abrasive  plate  to  produce  an  elliptical 
carbon  disk.  Electrical  contact  wm  mtablished  with  the  carbon 
fiber  by  filling  the  top  of  the  tube  with  mercury  and  inserting 
a  stainlem  steel  wire.  Similar  electrodm  have  also  been  made  with 
Pt  and  Au  microwires. 

The  glucose  mieroeleetiode  wm  fonned  by  Riling  a  micropipet 
with  approximately  1  mL  the  premixed  aqueous  solutions  trf 
the  ledm  potymer,  sazyme,  and  ciom-linker  (mam  ratio  of  1:1:0.4). 
With  gentle  air  premure  the  liquid  wm  ejected  from  the  pipet 
and  allowed  to  form  e  droplet  on  the  outer  surfsce  of  the  pipet 
Beceum  surfece  teneinsi  ceueed  the  droplet  to  travel  aevoial 
miUimmeis  up  the  pipet,  tnnafer  of  the  droplet  to  the  miooe- 
lectiode  requiied  oentnet  of  the  mieroeleetiode  with  the  droplet, 
while  the  pipet  wm  used  to  hold  the  droplet  in  place  until 
evapontiaa  of  a  sufficient  amount  of  water  made  the  droplet  too 
viacoue  to  move.  This  procedure  allowed  vieiUe  layen  of  the  gel 
to  be  ettacbed  to  the  tops  of  the  mkroelectrodee.  Qualitative 
thick-  or  thin-fUm  electrodm  were  produced  by  concmitrating  or 
ditutiiv  the  mixtuio.  Thick-film  electrodm  typically  were  costed 
with  appiQximataly  L43  Mg  of  redos  polymer.  <L36  uniu  of  eooM 
ntiifme  and  0.5  mC  of  crom-linker.  'ilw  “thinnest*  thin-film 
electrodm  were  coated  with  approximately  0.14  Mg  of  redox 
polymer,  0.04  units  of  e^ooe  nxidmr,  and  0.06  Mg  of  cmm-linkar. 
Aftm  the  mixture  droplet  dried,  the  rmidiiet  film  wm  cured  at 

MkrOSOOpiC 

examination  of  the  microelectrode  tips  revealed  that  the  film  is 
dsposited  not  only  on  tbs  beveled  t^  but  also  on  the  gime,  to 
a  of  10-15  Mm  away  from  the  tip,  m  eeen  on  the  iq>per 

portion  of  the  microetectrode  of  Figure  2. 

RESULTS  AND  DISCUSSION 

Elnctroehamienl  Bmpobso  of  Glocaeo  Oxidnee  Con- 
teinlng  Rodoz  Hydrofele  on  Beveled  Corbon-FIbor  Mi- 
crooloctfodoa.  Figure  3e  (curve  1)  shows  a  cyclic  voltam- 
mogram  for  a  thick-film  ghioaae  microelectrode  m  the  abeenw 
<d’  glucose.  The  thick-film  electrodes  exhibit  rapid  end  re- 
venible  electron  transfer.  M  iodiented  by  the  small  difference 
between  the  paoka  of  the  raductioQ  and  oxidation  wavaa,  A£p 
(<60  mV).  The  redox  centers  are  attached  to  the  polymer 


from  5  to  0.05  Mm. 
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FIgura  3.  (a)  Cydc  vollaniino(ram  of  a  tNck-tHm  glucoaa  mlcroo- 
(ackoda  bt  0.15  M  NaCt.  1  mM  NBHfP04.  pH  7.4.  undar  N,.  scan  lata 
5  mV/a;  (1)nooluooaa;(2)SiTiMiRiooaa.  (b)  Cydc  voUainmogram 
of  a  fadox  hydrogaMnodMIad  atockoda  on  a  S^nm  vikaoua  caitxai  (Sak 
(macroalackoda).  acan  rata  5  mV/s.  0.15  M  NaCI.  1  mM  NaH^PO^. 
pH  7.4,  undar  N,. 

chaina  and  are  immobile  on  a  macroacopic  acala;  thus  the 
current  is  aasodated  with  electnm  sdf-exchimge  between  redox 
oenten  of  different  oxidation  states.  Electron  transfer  within 
the  film  obeys  relationships  very  similar  to  those  fm  molecular 
diffusion  (23).  hence  the  voltammogram  in  Figure  3a  (curve 
1)  resembles  that  for  a  diffusion-controlled  process  at  a  mi- 
croalectrode,  revealing  the  contribution  of  radial  electron 
transport  through  the  gel  to  the  micToelectrode  surface.  The 
voltammogram  shape  approaches  that  of  a  steady-state 
voltaaBOfiain,  as  shoam  by  the  small  degree  ot  difhiskm/ 
depletion  tailing  and  the  small  oxidation  and  reductioo  current 
peaks.  The  mmxero  current  observed  at  the  switching  po¬ 
tential  (0.5  V)  at  5  mV/s  sweep  rate  shows  that  the  film  is 
not  completely  oxidix^  at  this  sweep  rate.  The  near¬ 
steady-state  current  at  0.5  V  also  shows  that  the  dimension 
of  the  electron  diffusion  layer  is  greater  than  the  dimension 
of  the  microelectrode;  i.e.  the  hydrogel  behaves  as  a  semi¬ 
infinite  solvent  volume.  The  radial  electron  diffusion  thiou|d> 
the  hydrogel  results  in  an  increased  flux  of  electrons  to  the 
mkroeleetiode  surface.  The  photograph  in  Figure  2  shows 
that  the  gel  thickneu  and  tte  fiber  radius  are  of  similar 
dimension,  sugipsting  that  the  retkn  polymer  located  on  the 
axial  surface  of  the  capillary  contributM  to  the  current  Such 
bdmvior  is  not  observed  at  macroelectrodes  (3  mm  diameter 
vitreous  carbon  disk)  with  similar  chemistry  and  surface 
oovaiage,  as  shown  by  the  voltammogram  in  F^ure  3b,  which 
reveals  typical  thil^layer  behavior.  Rapid  charge  transfer  and 
near-ateady-state  voltunmograms  were  earlier  seen  by  Murray 
et  aL  in  the  voltammetry  of  poly(C)s(bpy)i(vpy)j]^  films 
containing  entrapped  polyethylene  oxide  and  of  mediators 
entn^tped  in  filiu  of  polymhyleiM  oxide  on  microelectrodes 
(24-2S). 

Figure  3a  (curve  2)  is  the  voltammogram  obtained  in  the 
prsasace  of  5  mM  ^ucose,  showing '  le  catalytic  oxidation  of 
gkicoae.  Tlie  current  density  under  cyclic  vdtammetry  con- 
dhkms  in  thick-film  slsrtrodes  at  5  mM  ghicaae  concentration 
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pH  7.4,  undar  N},  scan  rate  5  mV/s. 

are  0.5  mA  cm~‘  and  0.3  mA  cm'^  at  steady  state,  a  10-fold 
increase  in  current  density  relative  to  macroelectrodes  with 
similar  surface  coverages.  Glucose  microelectrodes  fabricated 
with  thin  films  also  show  a  current  density  (50  pA  cm~*)  higher 
than  that  of  similar  macroelectrodes.  Radial  mass  transport 
of  glucose  to  the  hydrogel  is  unlikely  to  be  the  cause  of  the 
enhanced  current  density  given  the  observed  independence 
of  current  density  on  rotation  rate  for  macroelectrodes  mod¬ 
ified  with  the  redox  hydrogel  and  enzyme  (19).  The  elevated 
current  density  is  surprising  considering  that  the  microelec¬ 
trode  caimot  oxidize  or  reduce  the  entire  redox  hydrogel  at 
a  5  mV/s  sweep  rate,  because  of  the  distances  involved  in 
diffusion  to  the  periphery  of  the  gel.  This  implies  that  the 
redox  hydrogel  communicates  poorly  with  enzyme  moleculee 
immobilized  far  firom  the  electrode  surface.  However,  the 
higher  current  density  indicates  improved  communication  as 
compared  to  macroelectrodes  and  can  be  attributed  to  the 
increased  flux  of  electrons  via  radial  diffusion  through  the 
hydrogel  to  the  electrode  surface  from  enzyme  molecules  im¬ 
mobilized  cloee  to  the  electrode  surface. 

(Carbon-fiber  microelectrodes  of  similar  dimenaions  were 
found  to  have  poor  sensitivity  to  homogeneous  catalytic  re¬ 
actions  (27).  Because  of  the  radial  diffusion  associated  with 
electrodes  of  this  size,  diffusing  electroactive  products  (e.g. 
HjOt  or  ferrocene  derivatives)  generated  by  the  catalytic 
oxidation  of  glucoee  by  glucose  oxidase  will  rapidly  diffuse 
away  firom  the  microelectrode  surface,  as  was  obaerved  by  Hill 
et  al.  (fi),  even  if  the  enzyme  is  well  bound  to  the  electrode 
surface.  However,  because  the  redox  hydrogel  is  a  nondiffusing 
collector  of  the  enzyme-gmerated  current,  the  current  density 
increases  under  radial  diffusion  conditions. 

Because  an  increase  in  current  density  upon  miniaturisatian 
does  not  imply  improvNnoits  in  sensitivity  or  detectian  hmitB, 
the  sensitivity  and  signal  to  noise  ratios  at  various  glucose 
concentratkms  were  investigated.  The  glucose  concratration 
dependence  of  the  catalytic  current,  as  determined  by  cydk 
voltammetry  for  a  thin-film  glucose  microetoctrode,  is  shown 
in  Figure  4.  The  electrode  response  is  approximately  linear 
to  6  mM  glucose.  Hie  sensitivity  is  approximately  20  uA  cm** 
M'‘  below  6  mM  and  6.3  mA  cm'*  M''  above  10  mM.  The 
signal  to  noise  ratio  (5/AO  is  550  at  5  mM  glucose  and  15  at 
50  mM  glucose.  Similar  results  were  obtained  for  thick-film 
glucose  microelectrodes.  Macroelectrodes  of  similar  surface 
coverage  show  a  sensitivity  of  3.2  mA  cm'*  M'*  below  6  mM 
and  0.7  mA  cm'*  M'‘  above  10  mM.  S/N  is  100  at  5  mM 
glucoee,  with  S/N  dropping  to  10  at  50  mM.  Miniatunsatioo 
does  rssult  in  an  increase  in  sensitivity  and  improved  spinal 
to  noise  ratios. 
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ngara  8.  TInna-dapandMil  laaponaa  of  a  Mn-flkn  gfuooaa  ndcroa- 
lattoda  to  an  Innraaaa  In  tfuooaa  (ram  0  to  5  mM  in  (a)  anaaraMc  (Ni 
pwgad)  and  (b)  aaratod  aoludona  aa  dafarmlnad  by  flow  ln(octton 
analyaia.  CondMona:  appSed  potonttal.  0.4  V  va  SCE;  0.15  M  NaCI. 
1  mM  Naf^P04.  pH  7.4;  flow  rata,  1  cm/a;  l-mL  aampla  loop.  Tbo 
paM  of  Intaedon  la  feidtoatod  by  lha  arrow.  Tha  dma  naoaaaaiy  for 
tw  ghjooaa  bolua  to  ranch  dm  aincboda  In  ~2.S  a.  Tha  back^ound 
oiarant  (10  pA)  waa  auMraciad  from  lha  ourraMa  ahown. 

Tha  tima  naponna  in  a  flow  injaetkm  ayatam  of  a  thin^fUm 
gluccae  mkroalectrode  to  an  increaae  in  ghicoae  concentration 
frtm  0  to  5  mM  under  anaerobic  and  fully  aerated  conditiona 
in  ahown  in  Figure  5.  llie  tio«.«ni  reaponae  time  under  both 
conditiona  ia  appronmately  5  a.  only  alightly  higher  than  the 
reaponae  time  for  a  aurfaoe-adaorbed  redox  polymer/enzyme 
complex  (28.  29),  indicating  that  the  redox  hydr^la  are 
neewrthaleaa  highly  permeable  and  have  feat  electrochemia- 
triaa.  The  decay  time  for  a  concentration  change  from  5  to 
0  mM  ia  approximately  8  a. 

Ozytea  and  Temperature  Senaitivity.  For  in  vitro 
glucoae  concentration  meaaurementa,  particularly  for  the 
control  of  blood  ^ucoae  levela  in  diabetica,  it  ia  deainbie  that 
the  electrode  be  inaenaitive  to  changea  in  diaaolved  oxygen 
concentration  and  to  changea  in  temperature.  Variatiimain 
catalytie  current  with  pO}  reauh  Cram  dw  competitiQn  between 
the  redox  po^rmer  (I)  and  oxygen  (H)  in  the  glucoee  oxidase 
catalyiad  exj^tkm  of  glucose. 

(D  d-D^oooae  +  PVP(Oa(bpy)^I*^] 

gluoonolacttme  +  PVPtOafbpyljCl*^] 

(ID  d-D-giucoae  -f  Oj  -*  gluconolactone  +  H2O2 

(Jxygen  senaitivity  can  be  a  proMem  in  ^ucoaesenaota  baaed 
(m  sensing  either  hydrogen  peroxide  or  oxygen.  To  reduce 
the  oxygen  aanaitivity,  ce-aliwe  has  been  oed  to  recycle  O2 
from  and  aaoaor  designs  have  been  employed  that  allow 

O2  to  dtfhiiw  to  the  alactrodeaurftce  axially  and  radially  while 
glucose  can  diffiae  only  axially,  reaulting  in  an  exceas  of  O2 
oaai|Miedtogiueoaaatteaiecdode(Al,5/).  Ehctiodes  baaed 
on  fint  electron  acceptors,  such  as  ferrocanium  derivatives, 
show  lam  O2  aanaitivity,  but  tha  natural  enzymatic  reaction 
with  O2  stiU  competaa  with  the  mediated  reactioD,  leading  to 
some  dj  sensitivity.  In  the  thin<film  ghicoae  microelectrode, 
thia  aeadtivity  ia  naalL  A  change  in  oxygen  concentration 
horn  daasratad  to  oompletaly  aerated  aohrtioos  (~280  mM  O2) 
producaa  only  a  2%  change  in  the  current  at  5  mM  glucoae 
(Rgure  6).  The  low  oxygen  sensitivity  showa  that  the  oxi¬ 
dation  of  the  FADH2  centers  of  glucose  oxidaae  by  the  Oa- 
(bpy)2CI**^  cantata  of  the  redox  hydrogel  followed  by  radial 
chatfi  truMport  through  tha  redox  hydrogel  to  tha  electrode 
ia  aoflleimitly  faat  to  effectively  compete  with  raactkm  11. 

Tliatanipaaminedaparxiafwa  of  tito  current  is  charecteriiad 
by  tha  activation  energy  of  the  rate-limiting  step  in  the  cat- 
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alytic  electrooxidation  of  glucose.  The  temperature  depen¬ 
dence  of  the  current  was  measured  in  a  themrastated  cell  over 
a  temperature  range  between  2  and  40  ”C  (Figure  6).  The 
activation  energy  for  the  rate-determining  step  was  determined 
to  be  ~35  kJ/mol  (as  calculated  from  a  linear  plot  of  In 
(i/nFA)  versus  1/7^.  Near  room  temperature,  the  change  in 
the  catalytic  current  at  5  mM  glucoae  is  of  approximately 
5  %  /  ”C  in  thin-fOm  dectrodee,  indicating  that  accurate  glucose 
conoentratkm  meaaurements  require  either  measurement  and 
compensation  for  changes  in  the  enviroiunental  temperature 
or  a  change  in  the  chemical  design  of  the  sensor,  so  as  to  lower 
the  activation  energy  by  changing  the  rate-determining  step. 

CONCLUSIONS 

Unlike  in  difiusionally  mediated  glucoee  electrodes,  where 
miniaturization  may  ie^  to  loas  in  current  density  because 
of  loss  of  enzyme-r^uced  mediator  by  radial  diffusion,  the 
current  density  is  increased  upon  miniaturizatian  of  electrodes 
where  the  enzyme  is  electric^y  cormected  to  the  mkroelec- 
trode  via  a  mmdiffusing  redox  hydrogel  Thus,  iducoee  oxidase 
immobilized  in  poly[(vinylpyridiiM)OB(bipyriduw)2Cll-con- 
taininy  ndox  hydro^ls,  i^ucm  microalectrodes  with  current 
densities  and  sensitivitisa  10>fold  higher  than  similar  ma¬ 
croelectrodes,  have  been  fabricated  on  beveled  carbon-fiber 
microelectrodes.  The  increase  in  current  density,  sensitivity, 
signal  to  noise  ratio,  and  lower  oqigHi  scoaitivity  are  attributed 
to  the  radial  «fifli«inn  of  electrons  throu^  the  redox  hydrogd. 
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Hydrogen  peroxide  seneing  microelectrodes  for 
scanning  electrochemical  microscopy  (SECM) 
have  been  developed  and  used  to  measure  hydrogen 
peroxide  in  the  diffusion  layer  during  electro¬ 
chemical  reduction  of  oxygen  on  gold  and  carbon 
electrodes.  These  microelectrode  biosensors  were 
also  used  to  detect  immobilized  glucose  oxidase 
through  the  production  of  hydrogen  peroxide 
during  enzymatic  oxidation  of  glucose.  Images  of 
hydrogen  peroxide  concentration  profiles  near  a 
platinum  microdisk  during  catalytic  decomposi¬ 
tion  of  peroiade  and  in  the  diffusion  layer  of  a 
carbon-platinum  composite  electrode  during  ox¬ 
ygen  reduction  are  presented.  The  factors  limiting 
the  spatial  resolution  (tens  of  micrometers)  and 
potential  applications  of  the  technique  are  dis¬ 
cussed. 


INTRODUCTION 

In  scamung  electrochemical  microscopy  (SECM),  an  ul¬ 
tramicroelectrode  (UME)  tip  is  scanned  over  the  surface  of 
a  sample.  Topographic  and  chemical  information  about  the 
surface  and  electrochemical  processes  in  the  diffusion  layer 
can  be  obtained  from  the  faradaic  current  at  the  UME.*-^ 
Commonly,  a  reversible  redox  mediator  is  used  and  the  UME 
is  poised  at  a  potential  where  the  reaction  at  the  tip  is  diffusion 
controlled  At  such  a  potential,  the  tip  current  is  determined 
by  the  rate  of  mass  transfer  to  the  tip,  which  is  a  known 
function  of  the  tip-to-sample  separation.^  The  current 
decreases  near  an  inanleting  surface  and  increases  near  a 
conductor.  Insulators,  conductors,  and  samples  containing 
both  iiMiilutiiig  and  conducting  regions  have  been  imaged.^-^ 
Chemical  information  about  the  surface  can  be  obtained  by 
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an  appropriate  choice  of  mediator.  Thus,  when  the  kinetics 
of  regeneration  of  the  mediator  at  a  particuiar  site  are  slow, 
the  distribution  of  the  slow  sites  can  be  mapped.^-^  Although 
many  chemical  systems  can  be  investigated  in  this  way  (metals, 
polymers,  semiconductors,  oxides,  immobilized  enzymes),^-^ 
the  scope  of  the  technique  is  limited  to  systems  that  can  be 
probed  by  redox  mediators.  Thus  these  SECM  techniques, 
like  voltammetric  methods,  have  a  limited  degree  of  rharnim) 
selectivity.  Several  laboratories  have  developed  potentio- 
metric  UME  for  use  in  SECM*-^"  and  localized  measurements 
of  corToeion.“'‘^  Potentiometric  microelectrodes  are  also 
widely  used  in  biology  for  intracellular  measurements  of  ion 
concentrations.  The  use  of  potentiometry  in  SECM  should 
allow  the  monitoring  of  local  pH  and  halide  and  alkali  metal 
ion  concentrations.  In  this  paper,  we  show  that  the  wwnwiny 
tip  can  be  made  selective  by  ’‘electrically  wiring”  an  enzyme 
to  the  UME  via  a  croes-iinked  redox  polymer  to  produce  an 
electrochemical  biosensor. 

Many  different  designs  for  enzyme  UMEs  have  been 
reported,  including  physical  entrapment  on  platinum,‘^‘'’ 
conducting  organic  salts,*'  covalent  attachment  using  biotin- 
avidin,*^'**  and  immobilization  in  cross-linked  redox  poly¬ 
mers.'**’  The  SECM  tips  were  made  by  electricaUy  wiring 
horseradish  peroxidase  to  a  carbon  electrode  viaa  cross-linked 
redox  polymer  (shown  in  Figure  1).***-**  The  redox  polymer 
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ma1.2,  n=1,  pa4 
(1) 

Flgm  1.  Structure  of  the  oainlum  redox  poiytner  (1)  used  in  the 
preparation  of  the  hydrogen  peroxide  biooensors. 

provides  an  electron  diffiuion  path  from  the  carbon  electrode 
to  the  reaction  center  of  the  enzyme.  A  cathodic  current 
flows  when  hydrogen  peroxide  ia  reduced  to  water  by  the 
enzyme,  the  oxidized  enzyme  ia  reduced  by  Os^^  centers  of 
the  polymer,  and  the  residting  Oa^'*'  sites  are  electroreduced 
through  electron  transport  via  the  polymer  from  the  electrode. 
The  advantages  of  this  type  of  biosensor  include  high  current 
denaityandinaensitivitytooxygaiconcentration.^  Wechoae 
a  hydrogen  peroxide  sensing  tip  because  hydrogen  peroxide 
is  frequently  produced  in  enzymatic  and  electrochemiai 
systems  through  the  reduction  of  oxygen. 

The  reduction  of  oxygen  on  metals  has  been  extensively 
studied  because  of  its  importance  as  the  cathode  reaction  in 
fuel  cella.^^  In  protic  solvents,  the  final  reduction  product 
can  be  water  or  hydrogen  peroxide,  depending  on  the  electrode 
materiaL  For  an  efficient  fuel  cell,  it  is  desirable  that  oxygen 
is  reduced  directly  to  water  in  a  four-electron  reaction  at  low 
overpotential  ratimr  than  in  the  two-electron  reaction  to 
hydrogen  peroxide,  and  a  great  deal  of  effort  has  been  put 
into  designing  electrocatalysts  to  achieve  this.^^  The 
activity  of  these  electrodes  and  the  relative  contribution  of 
the  two-electron  and  four-electron  paths  is  often  examined 
by  rotating  ring-disk  electrode  (RRDE)  techniques.^  Inthis 
approach,  the  disk  is  fabricated  from  the  catalyst  of  interest, 
and  a  platinum  rmg  is  used  to  detect  hydrogen  peroxide  by 
amperometric  oxidation.  Because  the  reduction  of  hydrogen 
peroxide  is  very  sensitive  to  the  cleanliness  of  the  surtace,^-^ 
H2O3  is  detect^  at  a  platinum  ring  held  at  a  high  positive 
potential,  e.g.,  -f  1.0  V,  sufficient  to  oxidize  hydrogen  peroxide. 
However,  a  hydrogen  peroxide  biosensor  is  much  more 
selective  than  a  platinum  electrode  held  at  -fl.O  V  and 
therefore  should  be  applicable  to  systems  where  the  presence 
of  other  electroactive  compounds  would  prevent  the  use  of 
platinum  electrodes. 

Hydrogen  pwoxide  is  also  a  byproduct  of  the  reactions  of 
many  enzymatic  oxidations  whm  the  oxidized  form  of  the 
enzyme  is  regenerated  by  reaction  of  the  reduced  enzyme 
with  oxygen.^  Although  immobilized  oxidoreductases  have 
been  studied  successfully  by  SECM  with  simple  redox 
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mediators.*^  it  would  also  be  interesting  to  be  able  to  study 
these  reactions  with  the  usual  biological  substrate  of  the 
enzyme,  oxygen. 

The  aim  of  this  paper  is  to  show  that  amperometric 
biosensors  can  be  employed  as  the  tip  in  SECM.  Examples 
of  the  information  that  they  can  provide  in  studies  of 
electrochemical  and  enzymatic  oxygen  reduction  are  pre¬ 
sented.  The  advantages  and  disadvantages  of  the  technique 
compared  to  RRDE  and  simple  voltanunetric  SECM  te^- 
niques  are  also  discussed.  Images  of  the  distribution  of 
catalytic  activity  on  model  surfaces  are  shown,  and  the 
technique  is  compared  to  other  methods  of  imaging  electro¬ 
chemical  activity,  such  as  SECM  with  voltanunetric  micro¬ 
electrodes  and  fluorescence  imaging.^ 

THEORY 

As  in  any  scanning  probe  microscopy,  it  is  necessary  to 
determine  the  absolute  tip-to-sample  distance  in  order  to 
bring  the  tip  close  to  the  surface  and  to  extract  quantitative 
informationaboutconcentTationanearthesurfaoe.  In  SECM 
with  redox  mediators,  this  is  very  conveniently  dime  by 
monitoring  the  faradaic  current  at  the  UME  tip  as  it 
approaches  the  surface.^  This  approach  is  not  possible  with 
t^  biosensor  tips  used  in  this  paper  for  two  reasons.  First, 
it  it  undesirable  to  add  a  redox  mediator  to  the  solution, 
because  this  could  perturb  the  chemistry  of  the  system. 
Second,  the  rate  of  diffusion  of  redox  mediators  in  polymers 
ia  slower  than  in  aqueous  solutions,  and  the  faradaic  current 
for  a  redox  mediator  at  the  tip  may  be  limited  by  diffbaion 
through  the  polymer  film.  The  tip  current  srould  therefore 
be  insensitive  to  the  rate  of  diffusion  in  the  solution  and 
hence  to  the  tip-to-sample  distance.  However,  a  modification 
of  the  procedure  is  possible.  By  applying  a  high-frequency 
alternatingpotential  to  the  tip,  the  sdutiop  resistance  between 
the  tip  and  the  auxiliary  electrode  can  be  measured.  As  the 
tip  approaches  an  insulator,  the  solution  resistance  increases 
brause  the  surface  partially  blocks  some  of  the  pathways  for 
ions  to  travel  between  the  tip  and  the  auxiliary  electrode.  A 
similar  effect  is  applied  in  scanning  ion  conductance  mi¬ 
croscopy.^'  Near  a  conducting  surface,  the  measured  resis¬ 
tance  decreases  as  the  tip  approaches  the  surface,  because 
the  alternating  current  can  now  flow  through  the  conductor; 
this  applies  equally  whether  the  conducting  sample  is  used 
as  the  auxiliary  electrode  or  is  simply  left  at  open  circuit.  The 
dependence  of  the  solution  resistance  on  tip-to-surface 
separation  can  be  calculated  with  two  assumptions:  (i)  the 
impedance  of  the  cell  can  be  approximated  by  a  simple  aeries 
combination  of  the  tip  double-layer  capacitance  and  the 
solution  resistance,  and  (ii)  the  contribution  of  the  polymer 
film  on  the  tip  to  the  resistance  is  either  constant  (n  negligible. 
For  a  conductive  substrate,  the  measured  capacitance  will 
include  a  contribution  from  the  substrate.  At  small  tip- 
surface  separations,  only  the  part  of  the  substrate  underneath 
the  tip  is  active  and  the  capacitance  of  this  region  may  be  of 
the  same  order  as  the  tip  double-layer  capacitance.  However, 
this  effect  was  found  to  be  within  ^e  accuracy  of  our 
experimental  data  and  therefore  no  correction  for  this  effect 
was  applied. 

The  computation  of  the  solution  resistance  between  a  disk 
electrode  and  an  auxiliary  electrode  at  infinity  has  beat  carried 
out  by  Newman  by  solving  the  Laplace  equation  fm  the 
potential  distribution.^^  The  equivalent  problem  for  the 
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geometry  of  SECM  can  be  formulated  by  the  following 


equations. 

=  0  ( 1 ) 

with  the  boundary  conditions 

j  ^ -icVtp  in  the  solution  (2) 

->  =  const  at  a  conducting  sample-auxiliary  electrode  '.'3) 
<^  =  0  at  the  tip  (4) 

'30  at  insulating  surfaces  and  the  glass  tip  sheath  (5) 


The  above  equations  apply  to  both  dc  resistance  experiments 
with  a  redox  couple  present  and  ac  experiments  in  inert 
electrolyte,  as  long  as  0  is  taken  as  the  alternating  part  of  the 
potential  in  the  latter  case.  These  equations  are  strictly 
analogous  to  Pick’s  equation  for  amperometric  SECM  at 
steady  state. 

=  0  (6) 

with  the  boundary  conditions 

It  =>  -nPOVc  in  the  solution  (7) 

c  =  const  at  a  conducting  sample  surface  (8) 

c  =  0  at  the  tip  (9) 

1  j  =  0  at  insulating  surfaces  and  the  glass  tip  sheath  ( 10) 

This  analogy  has  also  been  pointed  out  for  the  calculation  of 
the  uncompensated  resistance  at  a  UME  in  bulk  solution.-’^-^ 
Using  this  analogy  and  normalixing  the  distance  scale  by  the 
tip  radius,  a,  we  obtain  the  following  expression  for  the 
variation  of  solution  resistance  with  the  tip-to-surface  sep¬ 
aration: 

«(»)/R(d)  =  iT(d)/fT.»  (11) 

where  /rid)  and  R(d)  are  the  feedback  current  and  solution 
resistance  at  a  normalized  tip-to-surface  separation  of  d  (in 
units  of  tip  radius  a).  This  implies  that  the  (decreasing) 
conductance  as  the  tip  approaches  an  insulator  shows  the 
same  distance  dependence  as  that  of  the  current  in  SECM. 
A  similar  equivalence  exists  for  the  conductance  and  current 
with  a  conductive  substrate.  Since  the  distance  dependence 
of  the  feedback  diffusion  current  is  already  known,*  all  that 
remains  is  to  show  how  the  contribution  of  the  solution 
resistance  can  be  separated  from  the  capacitive  contribution 
to  the  impedance  of  the  tip. 

When  the  tip-auxiliary  electrode  cell  can  be  represented 
by  a  simple  series  RC  equivalent  circuit,  the  in-phase  and 
quadrature  components  of  the  current  are 


(12) 

~  1  +  u^cJ^R^ 

(13) 

where  u,  Cdi,  R,  and  V  are  the  angular  frequency,  tip  double¬ 
layer  capacitance,  solution  resistance,  and  magnitude  of  the 
applied  ac  voltage,  respectively.  The  normalized  solution 
resistance  in  eq  11  can  then  be  calculated  using 

(i)c^(d)  =  ’  ,(d)/igo,(d)  (14) 

After  normalizing  this  by  the  value  of  resistance  at  large 
distances,  R(">)  (Le.,  distances  greater  than  a  few  radii),  a 
plot  of  normalized  conductance,  R(o>)/R(d),  vs  distance,  d, 
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ngurea.  Schematics  of  the  two  types  (A  and  B)  of  hydrogen  paroxklo 
sensing  nScroetoctrodes  used. 

can  be  constructed.  These  data  can  then  be  fit  to  the  theory 
for  feedback  diffusion  in  SECM  (Mdl/ir.*  vt  d)  to  determine 
the  absolute  tip-to-surface  distance. 

EXPERIMENTAL  SECTION 

MieroeiectnNle  Fabrication.  Carbon  micioelectrades  of  two 
different  geometries  were  prepared  for  use  as  amperometric 
biosensors.  These  are  referred  to  as  type  A  (microdisk)  and  type 
B  (microcylinder)  electrodes. 

Type  A  electrodes  (Figure  2A)  were  prepared  by  heat  sealing 
11-  or  8-am-diameter  carbon  fibers  (Amoco  Performance  Prod¬ 
ucts,  Greenville.  SC)  in  2-mm-o.d.  Pyrez  capillaries.  The  tip  of 
the  electrode  was  then  beveled  to  produce  an  SECM  tip,  as 
described  previously.*  The  resulting  tip  geometry  was  an  inlaid 
microdisk  electrode  with  a  ratio  of  glass  sheath  diameter  to  carbon 
fiber  diameter,  denoted  as  RG,  of  ca.  2-3. 

The  carbon  microdisk  was  then  coated  with  the  dectrically 
wired  enzyme.  The  coating  solution  contained  redox  poiyraer  1, 
enzynwdwraeradishperoxidaae),  and  cross-linker  [po^ethyleiM 
glycol)  (MW  400)  diglycidyl  ether]  in  a  weight  ratio  of  €.2:3.9:1. 
The  tip  of  the  electr^e  was  brought  into  contact  with  a  drop  of 
the  coating  solution  using  a  micromanipulator  and  then  with¬ 
drawn.  The  solution  was  allowed  to  dry  and  form  a  roughly 
l-^-thick  film  (estimated  by  optical  microscopy)  coating  the 
siirface  of  the  tip.  The  film  was  cured  at  ambient  temperature 
in  air  for  a  minimum  of  2  days. 

Type  B  electrodes  (Figure  2B)  wen  fabricated  in  a  manner 
similar  to  a  pnviously  published  procedure  for  glucoae-aenaing 
microeiectrodee.^  A  T-am-diameter  carbon  fibw  was  inserted 
into  a  2-mm-o.d.  borosilicate  glass  tube,  and  the  tube  was  pulled 
on  a  micropipet  puller  (Narishige  Mode)  PB-7)  to  yield  a  ^aas 
tip  of  approximately  2()-Mmo.d.  The  glass  tip  was  then  partially 
filled  sritb  a  low-viscosity  epoxy,  leaving  a  microcylinder  as  the 
electrode  surface,  and  was  cured  at  70  *Covenii^t.  Thetipwas 
then  polished  at  an  angle  of  90*  with  a  micropiprt  beveler  (Idodel 
BV-10,  Sutter  Instrument  Co.),  first  on  120(>-grit  sand  paper  and 
then  on  an  eztrafine  diamond  abrasive  plate,  to  produce  a  smooth 
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ca.'bon  surface.  Electrical  contact  to  the  carbon  flber  was  made 
by  filling  the  top  of  the  tube  with  mercury  and  inserting  a  stainless 
steel  wire. 

The  carbon  microcyiinder  was  then  coated  in  a  manner  similar 
to  the  microdisk  tips.  The  tip  of  the  microelectrode  was  pushed 
into  a  1-2-mL  drop  of  the  coating  solution  using  a  microman¬ 
ipulator.  The  mixture  was  allowed  to  rise  into  the  glass  pipet 
and  coat  the  fiber.  After  the  mixture  dried,  the  end  of  the  glass 
micropipet  was  blocked  by  the  redox  polymer  film.  .Again,  the 
film  was  cured  at  ambient  temperature  in  air  for  a  minimum  of 
2  days. 

Antimony  microdisk  electrodes  for  the  measurement  of  pH 
near  electr^e  surfaces  with  the  SECM  were  prepared  from 
antimony  shot  as  described  previously.‘°  The  pH  response  of 
each  electrode  was  calibrate  using  a  glass  electrode  (Orion 
Research,  Model  701A,  Boston,  MA)  in  phosphate  buffers.  The 
sensitivity  of  the  electrodes  was  ~d0  mV/ pH  unit,  which  is  typical 
for  polycrystalline  antimony.^ 

Platinum  microdisk  electrodes  used  for  comparison  were 
prepared  by  sealing  platinum  wire  (Goodfellow  Metals  Ltd.. 
Cambridge,  UK)  in  glra  as  described  previously.^  The  reference 
electrode  was  a  silver  quasi-reference  electrode  (AgQRE). 

Inunobilixed  Glucose  Oxidase.  Glucose  oxidase  was  im- 
mbolized  on  a  carbon  surface  using  a  technique  similar  to  the  tip 
preparation  above.  The  enzyme,  redox  polymer,  and  cross-linker 
[poly (ethylene  glycol)  (MW  400)  diglycidyl  ether)  were  mixed  in 
a  weight  ratio  of  3:7d).5,  and  a  drop  of  the  solution  was  applied 
to  the  surface  of  a  3-mm-diameter  carbon  disk  electrode.  The 
mixture  was  allowed  to  cure  in  air  at  ambient  temperature  for 
^2  days. 

InatrouMntation.  The  basic  SECM  instrument  used  in  this 
work  has  been  described  in  detail  previously.^  Briefly,  a  CE- 
1000  micropoaitioning  device  (Burleigh  Instruments,  Fishers, 
NY),  connected  to  a  PC  via  a  DAC,  controlled  the  movement  of 
three  piezoelectric  inchworm  motors.  The  tip  was  mounted  on 
a  three-axis  translation  stage  and  could  be  moved  with  submicron 
distance  resolution  under  the  control  of  the  PC.  The  potentials 
of  the  tip  and,  when  necessary,  the  substrate  were  controlled  by 
a  four-electrode  EI-400 bipotentiostat  (Ensman  Instrumentation. 
Bloomington.  IN).  The  tip  and  substrate  currents  were  digitized 
and  acquired  by  the  PC  using  software  written  in-house  (by  D. 
O.  Wipf). 

Admittance-impedance  measurements  at  UME  tips  in  the 
SECM  were  made  with  a  lock-in  amplifier  (Princeton  Applied 
Research,  model  5206,  Princeton,  NJ).  The  oscillator  ou^ut  of 
the  lock-in  was  cmmected  directly  to  the  substrate  or  to  a  platinum 
or  silver/silver  chloride  auxiliary  electrode.  The  tip  was  held  at 
virtual  ground,  and  the  current  was  measured  with  a  high- 
frequency  current  follower.  The  real  and  imaginary  components 
of  the  tip  current  as  measured  by  the  lock-in  amplifier  were  fed 
into  the  ADC  and  collected  by  the  PC. 

A  high-impedance  buffer''’ was  used  for  potentiometric  SECM 
measurements  with  antimony  pH-sensing  tips.  To  avoid  prob¬ 
lems  arising  from  the  interaction  of  the  ground  of  the  EI-400 
bipotentioatat  and  the  ground  of  the  high-impedance  buffer,  the 
subetrate  electrode  was  connected  to  channri  B  of  the  bipoten- 
tiostat  and  an  external  potential  source  (PAR  173  potential 
programmer)  was  used  to  run  cyclic  voltammograms.  In  this 
configuration,  the  reference  electoode  was  at  virtual  ground  and 
the  potential  of  the  tip  could  therefore  be  measured  with  respect 
to  tto  same  reference  electrode  used  by  the  bipotentiostat  Tip 
potential  and  substrate  current  data  ware  acquired  simulta- 
neoimly  by  the  PC  using  the  SECM  software. 

Cell  and  Sabstrata  Eleetrodes.  The  cell  (volume  ca.  4 
mL)"*-**  was  machined  from  Teflon  material,  and  the  base  was 
threaded  to  allow  easy  removal  and  exchange  of  different  ceil 
bases  containing  various  substrate  electrodes. 

Glassy  carbon  substrate  electrodes  were  made  by  heat-sealing 
3.miii-diameter  rod  directly  into  a  Teflon  cell  base  using  standard 
techniques.  Gold  substrate  electrodes  were  made  by  first  sealing 
450-Mm-diameter  wire  in  2-mm-o.d.  soft  glass  capillaries  under 
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vacuum,  polishing  to  expose  a  cross  section,  and  then  inserting 
them  into  a  hole  drilled  in  the  ceil  base. 

Chemicals.  Peroxidase  (EC  1.11.1.7;  Type  II,  200  units/mg 
of  solid)  from  Horseradish  (Sigma  Chemical  Co.,  SL  Louis,  MO) 
and  glucose  oxidase  tEC  1. 1.3.4;  122  unita/mg  of  solid)  from 
Aspergillus  ntger  were  used  as  received.  The  cross-linking  agent 
[poly(ethylene  glycol)  (MW  400)  diglycidyl  ether]  was  obtained 
from  Polysdences.  and  the  redox  polymer,  lpoly((vinylpyridine)- 
osmium(bip3rridine)2Cl]  derivatized  with  bromoethyiamine) 
shown  in  Figure  1,  was  synthesized  as  previously  reported.” 
Antimony  shot  (99.999% )  was  obtained  from  Aldrich.  Fresh 
solutions  of  hydrogen  peroxide  were  made  up  for  each  experiment 
by  dilution  of  a  concentrated  commercial  aqueous  solution  (30  % 
byvolume.Merck).  Theconcentrationofthecommerdalaolution 
was  checked  by  measuring  the  density.  All  other  reagents  were 
purchased  from  Aldrich  or  Sigma. 

SECM  ExperinMtttal  Procedure.  In  generaL  the  experi¬ 
mental  procedure  involved  bringing  the  biosenam  tip  close  to 
the  sample  surface  and  establishing  the  distance  seals  from  the 
solution  resistance  (type  A  tips)  or  by  deliberately  touching  the 
surface  with  the  tip  (type  B  tips). 

For  type  A  tips,  the  distance  calibration  was  performed  in  I 
mM  KCL  The  in-phase  and  quadrature  components  of  the 
current  were  monitored  at  a  frequency  of  10  kHz  as  the  tip  sras 
pushed  toward  the  surface.  The  tip  was  stopped  vdian  the  real 
component  had  decreased  by  a  factor  of  rou^y  2.  The  tip  was 
then  withdrawn  a  known  distance,  disconnect^  from  the  lock- 
in  amplifier,  connected  to  the  bipotentiostat,  and  held  at  a 
potential  of  -0.1  V  vs  AgQRE  to  detect  peroxide.  Fresh  pH  7 
phosphate  buffer  was  usually  added  to  the  cell  at  this  stage.  The 
tip  could  then  be  pushed  toward  the  surface  to  any  desired  tip- 
to-surface  separation  for  imuging  or  electrochemical  generation- 
detection  experiments. 

For  type  B  tips,  the  tip  was  positioned  as  close  as  possible  to 
the  surface  (~0.1  mm)  using  a  telescopic  lens.  Next,  the  tip  was 
connected  to  the  bipotentiostat  and  very  slowly  (<0.6  lun/s) 
pushed  toward  the  surface  until  a  sudden  jump  in  the  current 
indicated  that  part  of  the  tip  was  touching  the  surface.  Insome 
experiments,  generation  of  a  concentration  profile  of  hydrogen 
peroxide  at  the  surface  aided  this  step.  A  gradual  inaeaas  in  tip 
current  due  to  detection  of  peroxide  was  observed  as  the  tip 
approached  the  surface,  the  tip  approach  was  than  continued  at 
a  slower  rate  until  a  sudden  increase  in  the  tip  current  was 
assumed  to  indicate  electrical  contact  between  tip  and  suifsee, 
and  this  point  was  taken  as  zero  tip-to-surface  separatioa  The 
tip  was  then  withdrawn  to  the  required  distance  for  imaging  or 
electrochemical  experiments. 

For  potentiometric  SEICM  experiments  with  antimony  tips, 
the  antimony  tip  potential  was  poised  at  a  value  where  reduction 
of  oxygen  is  difibision  controlM,  and  a  current-distance  curve 
corresponding  to  the  case  of  an  insulating  substrata  was  recorded 
as  reported  previously.'”  The  antimony  tip  was  then  reoiidized 
by  returning  the  tip  potential  to  0  V  for  a  f^  seconds  to  reatore 
t^  pH  frmetion.  The  tip  could  then  be  connected  to  the  high- 
impedance  buffer  for  potentiometric  measurements. 

RESULTS 

Characterization  of  Tips.  Figure  3  shows  a  current- 
concentration  calibration  for  a  type  B  tip.  A  linear  depen¬ 
dence  of  current  on  hydrogen  peroxide  waa  found  up  to  ~  100 
mM  (inset).  If  the  active  area  of  the  tip  is  taken  as  roughly 
the  same  as  the  cross-sectional  area  of  the  end  of  the  tip,  a 
aenaitivityofO.75  A  M''cm'^  is  obtained.  This  is  in  reasonable 
agreement  with  the  value  of  1  A  M~'  cm*^  found  for 
macroscopic  electrodes  based  on  the  same  enzyme  and  redox 
polymer;”^  the  discrepancy  is  mainly  due  to  the  uncertainty 
in  the  correct  value  of  the  area  to  be  used  in  the  calculation. 
Type  B  tips  exhibited  a  slowly  decaying  background  current, 
probably  due  to  the  redox  process  of  parts  of  the  polymer  in 
poor  electrical  communication  with  the  carbon  flber.  This 
current  was  of  the  order  of  10  pA  after  a  few  minutes  at  the 


(37)  Gregg.  B.;  Heller.  A.  J.  Phyt.  Chem.  1991, 95, 5976. 

(38)  Vreeke.  M.;  Maklan.  R.:  HeUer.  A  AnoL  Chem.  1992. 64,  3084. 
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FIgureA.  Conductanoe-dMenoe  curve  tar  a  lO-Mm-dtanieter  platinum 
UME  over  a  glassy  carbon  surtaos  in  1  mM  KQ.  FBad  triangiss  are 
exporfmant  and  few  is  theory. 

potential  of  -0.1  V  vs  AgQRE  uaed  for  peroxide  detection. 
Although  type  A  tipa  showed  smaller  background  currents, 
of  the  order  of  a  few  picoamperes,  they  produced  ^10  times 
less  current  for  a  given  concentration  of  peroxide.  A  crude 
estimate  of  the  response  time  of  the  tips  was  made  by 
monitoring  the  current  on  addition  of  peroxide  to  a  stirred 
solution.  Both  type  A  and  B  tips  showed  similar  response 
times,  reaching  80%  of  the  steady  current  in  approximately 
1-2  s;  these  values  are  close  to  thoee  reported  for  glucose 
microelectrodes  of  similar  design.^ 

Distance  Calibration.  Figures  4  and  5  show  approach 
curves  of  conductance  against  distance  for  bare  platinum 
UME  tips  over  glamy  carbon  and  Teflon  subetrates,  respec¬ 
tively.  These  appro^  curves  were  recorded  in  a  ImMKCl 
solution,  since  the  UME  double-layer  capacitance  dominates 
the  impedance  of  the  system  in  solutions  of  hii^ionk  strength. 
Although  the  agreement  with  theory  is  excellent,  this  method 
of  approaching  the  surface  suffers  from  the  limitation  that 
as  the  tip  becomes  smaller,  the  double-layer  capacitance 
decreases,  and  the  relative  contribution  of  the  solution 


FIguraS.  Conductance-distance  curve  for  a  25-«inMlainaisrpiallnum 
UtiEovera  Teflon  suHace  In  tmMKCl.  FMadSianglasareexportmant 
and  line  Is  theory. 


0.5  1  1.5  2  2.5  3 


d 


Figure  g.  Conductance-dMance  curve  for  an  1  l-iwiKlainslar  type 
A  tip  over  a  glassy  carbon  swface  In  1  mM  KCL  Fled  Wangles  are 
expel  In  lent  and  line  Is  theory. 

resistance  to  the  impedance  decreases.  Moreover,  the  method 
of  data  analysis  outlined  in  the  theory  section  depends  on  the 
assumption  of  a  simple  RC  series  equivalent  circuit,  Le.,  with 
no  faradaic  process.  To  some  extent  these  problems  can  be 
overcome  by  the  use  of  low-conductivity  solutions  and  high 
frequencies  so  that  the  contribution  of  the  solution  resistance 
to  the  impedance  is  maximized. 

The  advantage  of  this  method  is  that  it  works  equally  well 
for  insulating  and  conducting  surfaces  and  could  even  be  used 
to  distinguish  regions  of  different  conductivity  on  a  surface 
in  exactly  the  same  way  as  amperometric  SECM.  A  further 
advantage  is  the  relative  insensitivity  to  the  presence  of  a 
thin  polymer  film  on  the  tip.  This  is  shown  in  Figure  6,  tlw 
approach  curve  for  a  type  A  biosensor  tip  over  a  glassy  car  bon 
surface.  The  agreement  with  theory  is  still  sufficiently  good 
to  allow  calibration  of  the  tip-to-surface  distance  with  an 
accuracy  better  than  lam.  The  presence  of  the  polymer  film 
on  the  tip  increased  the  measur^  capacitance  1^  a  factor  of 
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Table  I.  Patbwaya  of  EleetrocbeBucal  Redaction  of 


OiyfM 

reaction 

electrode 
potentud/  V 
vs  NHE"* 

i 

0]  +  2HtO  +  4«"  —  40H“ 

+0.401 

b 

0]  +  4H'*  +  4e-  ^  4H]0 

■r  1.229 

L* 

0]  +  H2O  +  2e’ HO]"  4-  OH" 

-0.065 

d 

HO]"  +  H2O  2e"  —  30H" 

+0.867 

e 

0]  +  2H*  +  2e-  —  H2O1 

+0.67 

t 

HjO]  +  2H+  +  2e-  -  2H]0 

+1.77 

g 

2H2O2  —  2H2O  +  0] 

catalyt  decomp 

~  2,  possibly  due  to  a  change  in  effective  area.  No  significant 
difference  in  resistance  between  coated  and  uncoated  tips 
was  observed,  and  therefore,  no  correction  for  this  was  applied. 
The  signal-to-noise  ratio  for  coated  electrodes  in  resistance 
measurements  was  poorer  than  for  uncoated  ones  for  reasons 
that  are  not  clear. 

Unfortunately,  although  type  A  tips  could  easily  be 
positioned  close  to  a  surface  using  this  method,  only  ~  10% 
of  these  tips  functioned  well  as  biosensors.  The  reason  for 
this  was  the  poor  adhesion  of  the  polymer  to  the  glass.  The 
swelling  of  the  polymer  in  solution  often  resulted  in  loss  of 
polymer  from  the  tip.  For  this  reason,  type  B  tips  were 
constructed  and  were  found  to  function  as  biosensors  much 
more  reliably.  However,  the  geometry  of  these  tips  does  not 
allow  the  use  of  the  above  theory  for  the  conductance-distance 
measurement.  Instead,  the  distance  was  determined  by 
deliberately  touching  the  tip  to  the  conductive  surface  as 
descrihed  in  the  Experimental  Section.  Although  this  method 
could  be  used  to  c^brate  a  conductance-distance  curve,  it 
was  carried  out  with  the  tip  under  potentioatatic  control  for 
convenience.  This  method  ofdistance  calibration  has  several 
disadvantages,  the  most  obvious  being  the  possibility  of 
damaging  the  tip,  and  indeed,  it  was  necessary  to  use  very 
slow  scan  rates,  0.5  (un/s  or  less,  when  approaching  the 
substrate.  Moreover,  this  method  only  works  with  conductive 
substratea 

ElectrocheiiiicalBadaction  of  Oxygen.  The  mechanism 
of  the  electrochemical  reduction  of  oxygen  has  been  intensively 
studied.^^^  The  reaction  is  complex,  because  it  involves 
multiple  electron-  and  proton-transfer  reactions  and  proceeds 
through  a  series  of  high-energy  intermediates,  e.g.,  O2*-,  and 
HO:',  with  the  more  stable  intermediate  HjOj  also  frequently 
formed.  In  aqueous  solution,  the  mechanism  depends  on 
electrode  material,  pH,  electrode  potential,  electrode  pre¬ 
treatment,  and  purity  of  the  system.^-*  A  fewof  the  processes 
often  found  in  ^e  tn»in  overall  reduction  are  shown  in  Table 
1.  Reactions  of  radical  intermediates  such  as  OH’,  O;*-,  and 
HO]*  are  not  considered  because  their  lifetimes  are  too  short 
in  aqueous  solution  to  be  detected  in  the  SECM  experiments 
reported  here.  Rotating  ring-disk  studies  have  demonstrated 
the  presence  of  hydrogen  peroxide  as  a  stable  inter- 
mediate.^“^-®-“  These  investigations  have  shown  that,  on 
most  electrode  materials  (other  than  platinum),  the  hydrogen 
peroxide  pathway  (c-^  accounts  for  essentially  all  the  current. 
On  platinum  electrodes  in  acidic  solutions  at  low  overpo¬ 
tentials,  no  hydrogen  peroxide  is  detected,  leading  to  the 
proposal  that  oxygen  is  reduced  to  water  without  a  peroxide 
intermediate  (b)  perbapa  via  dissociative  adsorption  of 


(39)  Damjaaovic,  A;  Ganahaw,  M.;  Bockria,  J.  O’M.  J.  Chem.  Phyt. 
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(43)  Tansevich.  M.  R.;  Subirov,  F.  Z.;  Martaalova.  A  P.;  Burstein,  Kh. 
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oxygen.-^  .Alternatively,  the  intermediates  (Oi”,  HO]*,  or 
peroxide)  may  be  strongly  adsorbed  on  the  surface  and 
reduced  to  water  before  they  desorb.^  Purthomore,  platinum 
is  known  to  catalyze  the  disproportionation  of  hydrogen 
peroxide  to  water  and  oxygen  (g),  and  therefore,  it  has  been 
suggested  that  the  rate  of  hydrogen  peroxide  decomposition 
is  as  fast  as  its  rate  of  formation.  With  gold  and  glassy  carbon 
electrodes,  however,  hydrogen  peroxide  is  formed  as  a  stable 
intermediate  at  any  Parts  A  and  B  of  Figure  7 

illustrate  the  results  of  substrate  generation-tip  detection 
experiments  using  a  peroxide-sensing  UME  tip  clone  to  carbon 
and  gold  substrate  electrodes  reducing  oxygen  in  phosphate 
buffer  solutions.  The  tip  potential  (with  a  type  A  or  type  B 
tip)  was  held  constant  at  -0.1  V  vs  AgQRE  (ca.  -H).!  V  vs 
SCE)  to  detect  hydrogen  peroxide,  and  the  substrate  potential 
was  slowly  swept  into  the  region  where  oxygen  is  reduced.  As 
the  substrate  begins  to  reduce  oxygen,  for  toth  electrodes  at 
potentials  more  negative  than  ca.  -0.3  V,  the  tip  current  rises 
because  of  detection  of  hydrogen  peroxide  in  the  diffusion 
layer.  Eventually,  the  tip  current  decreasee  again  as  the 
substrate  potential  becomes  sufficiently  negative  to  reduce 
the  hydrogen  peroxide  to  water.  This  is  clearly  seen  in  the 
case  of  glaasy  carbon  (Figure  7  A) ,  where  two  separate,  drawn- 
out  waves  are  seen  in  the  forward  scan  of  the  substrate 
voltammogram  corresponding  to  potentials  where  the  tip 
current  rises  and  falls.  The  rise  in  peroxide  detection  current 
on  the  reverse  scan  occurs  at  roughly  the  same  potential  (-1 
V)  as  the  fall  in  tip  current  on  the  forward  scan,  confirming 
the  identification  of  the  two  waves  in  the  substrate  volta¬ 
mmogram  as  the  reduction  of  oxygen  to  peroxide  and 
reduction  of  peroxide  to  water,  respectively.  This  also  shows 
that  the  decrease  of  the  peroxide  detection  current  on  the 
forward  scan  reflects  a  potential-dependent  process  and  is 
not  due  to  a  slow,  time-dependent  process,  e^.,  catalytic 
decomposition.  The  time  lag  for  the  rise  of  the  tip  cufrent 
on  the  reverse  scan  is  due  to  the  slow  diffusion  of  oxygon  from 
the  bulk  solution  to  the  carbon  surface,  and  the  slow  decay 
of  the  tip  current  at  the  end  of  the  reverse  scan  is  due  to  the 
relaxation  of  the  concentration  profile  of  hydrogen  peroxide 
between  the  carbon  surface  and  the  bulk  solution.  These 
results  demonstrate  that  the  tip  is  functioning  and  are  in 
agreement  with  previous  rotating  ring-disk  studies  on  carbon 
electrodes.^ 

In  the  case  of  gold  (Figure  7B),  the  process  is  more  complex, 
(hi  the  forward  (0  to  -1 .7  V)  scan,  the  tip  current  rises  beimuae 
of  the  reduction  of  oxygen  to  peroxide  beginning  at  »'-0.2  V 
on  the  gold  substrate  (inset  on  substrate  voltammogram).  As 
with  carbon,  the  decrease  in  tip  current  at  -1.0  V  is  due  to 
reduction  of  peroxide  to  water.  The  wave  for  the  reduction 
of  peroxide  cannot  be  distinguished  on  the  Au  voltammogram, 
beimuse  it  merges  with  the  large  reduction  wave  (discussed 
below)  attributed  to  buffer  reduction.  However,  the  tip 
current  does  not  decrease  to  zero,  but  plateaus  at  ~18  pA 
beginning  at  -1.2  V,  indicating  that  peroxide  reductum  on 
the  gold  surface  is  blocked.  Two  plausible  explanations  for 
this  behavior  are  fouling  of  the  electrode  surface  or  a  shift  to 
higher  pH  at  the  gold  surface,  which  could  reduce  the  rate 
of  reduction  of  peroxide.  To  test  this,  the  pH  near  the  gold 
surface  was  directly  measured  using  an  antimony  tip  under 
the  same  conditions  (Figure  7C).  The  small  apparent  rise  in 
pH  at -0.3  V  in  Figure  7C  is  due  to  depletion  of  oxygen,  vriuch 
causes  the  rest  potential  of  antimony  to  become  more  negative. 
Despite  this  interference.  Figure  7C  clearly  shows  that  the 
pH  increases  significantly  only  at  potentials  more  negative 
than  ~-1.5  V  (where  water  reduction  occurs)  and  therefore 
cannot  account  for  the  blocking  of  peroxide  reduction  at  -1.2 
VinFigure7B.  This  sharp  pH  increase  does,  however,  account 
for  the  drop  in  peroxide  detection  current  at  -1.5  V,  which 
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Flgura  7.  (A)  Tip  (typ«  A)  and  subalrate  (giu«y  cartxm)  currant  u  a  function  of  sutratrata  potantlal  during  a  scan  (2  mV/s)  wNh  a  tlp4o-aurfaea 
dManca  of  10  pm.  (B)  (Tip)  (typo  B)  and  auboPata  (gold)  currant  as  a  function  of  suMrata  potantlal  during  a  scan  (10  mV/s)  wtth  a  Up^fraurfaca 
dWanoaof '^lOpm.  Ilia  maal  shows  ttia  oxygon  raductlonwava  on  ttwfonrartl  scan.  (C)  Tip  (20-prrK9amatar  atrUrttony)  poiandnl  and  auba»ata 
(gold)c«Branlasafunellonolaubalratopolonllnldurlngascan(10mV/s)wtihatip-to-aurlacodMaiKaof  10 pm.  (D)T1p(10-pm-i9ama«arplalkMn 
at -H).7  V)  and  aidioMto  (gold)  ctarard  as  a  function  of  substrata  posantial  during  a  scan  ( 1 0  mV/s)  witti  a  dp-to-atafaoo  dManoa  of  10  pnu  SoluOono 
conlalnad  alr>aahaalad  0.2  M  pH  7  phoaphata  buffer,  and  lha  rafaranca  alaclroda  was  a  sivar  wira. 

is  likely  due  to  deactivation  of  the  enzyme  at  such  a  high  pH.  pH  in  the  range  4.&-7.5.  Outaide  this  range,  however,  the 

The  pH  dependence  of  a  macroscopic  horseradish  peroxidase  enzyme  is  deactivated,  losing  90%  activity  by  pH  10.6  but 

electrode  is  consistent  with  this  interpretation  (Figure  8).  recovering  on  returning  to  lower  pH.  The  plateau  in  the  tip 
The  peroxide  detection  current  is  roughly  independent  of  current  in  the  potential  range  -1.2  to  -1.5  V  (Figure  7B) 
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Figm  a.  pH  depandanca  of  a  macroscopic  horsaradish  paroxidasa 
alactroda.  Tha  aiactroda  usad  waa  a  3-mrr>-dianiatar  glassy  caroon 
disk  coatad  with  horsaradish  paroxidasa  in  radox  poiymar  1.  Tha 
solution  containad  0.12  mM  hydrogan  paroxida.  and  tha  alactroda 
potantial  was  0  V  vs  SCE. 


corresponds  to  the  large  reduction  wave  on  the  gold  substrate. 
This  wave  is  absent  in  solutions  containing  only  KCl  as 
electrolyte,  but  appears  on  addition  of  phosphate  buffer  and 
is  therefore  attributed  to  reduction  of  buffer  anions  (e.g., 
H2P04~)  to  hydrogen.  It  is  tentatively  suggested  that  the 
electrode  becomes  fouled  by  adsorbed  species  produced  by 
this  reaction  and  that  this  inhibits  the  reduction  of  peroxide 
in  this  potential  range,  although  other  mechanisms  cannot 
be  ruled  out  on  the  basis  of  the  available  data.  A  similar 
effect  has  been  reported  for  the  reduction  of  hydrogen 
peroxide  on  germanium,  and  the  decrease  in  reaction  rate 
was  interpreted  as  being  due  to  the  adsorption  of  hydrogen 
atoms  on  the  active  sites  for  peroxide  reduction.^  During 
the  reverse  scan  in  Figure  7B,  the  current  rises  in  the  range 
-1.0  to  -0.3  V  because  the  potential  is  no  longer  sufficient  to 
reduce  peroxide,  and  finally,  the  tip  current  falls  again  at 
potentials  greater  than  -0.3  V,  where  oxygen  is  not  reduced, 
because  of  diffusion  of  peroxide  away  from  the  surface  to  the 
bulk  solution.  For  comparison,  the  experiment  was  repeated 
using  a  platinum  UME  as  a  detector,  as  shown  in  Figure  7D. 
The  platinum  tip,  held  at  a  potential  where  Hi02  oxidation 
occurs,  responds  to  the  production  of  hydrogen  peroxide,  but 
at  potentials  corresponding  to  the  reduction  of  the  buffer  or 
water;  the  peroxide  detection  current  is  obscured  by  a  large 
anodic  current  due  to  oxidation  of  hydrogen  produced  by 
these  processes.  The  increase  in  detector  current  seen  at 
~-1.2  V  confirms  the  identification  of  the  large  plateau  in 
the  substrate  current  at  -1.2  to  -1.5  V  in  Figure  7B  as  the 
reduction  of  buffer  anions  to  hydrogen  and  also  demonstrates 
the  selectivity  advantage  of  the  biosensor  tip,  which  is  almost 
insensitive  to  the  presence  of  hydrogen. 

Imaging  Catalytic  Activity.  In  addition  to  being  a  tool 
for  studying  reaction  mechanisms,  SECM  can  be  used  to  image 
catalytic  activity.  This  is  demonstrated  for  two  systems. 
Figure  9  shows  an  image  of  the  hydrogen  peroxide  detection 
current  over  an  unbiased  platinum  microdisk  in  a  solution  of 
hydrogen  peroxide.  The  glass  insulator  is  inert  to  peroxide, 
but  the  platinum  surface  catalyzes  the  disproportionation  of 
hydrogen  peroxide  to  oxygen  and  water,  as  in  Table  Ig  above. 
Far  from  the  platinum  disk,  the  peroxide  concentration  is 
constant,  but  decreases  as  the  tip  moves  over  the  region  near 
the  platinum  surface.  The  image  is  elongated  in  a  direction 
perpendicular  to  the  scanning  motion  of  the  tip.  A  possible 
explanation  of  this  is  that  the  sample  surface  is  tilted  with 
respect  to  the  plane  in  which  the  tip  was  scanned.  This  results 
in  the  tip  observing  an  elliptical  section  of  the  concentration 


(44)  Gerisclier.  H.;  Mindt.  W.  Surf.  Sci.  1966.  4,  440. 
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Figure  9.  Image  of  the  concentration  profSe  of  hydrogen  peroxide 
around  a  25-Mm-dlametar  platinum  rmcnxSsk  In  a  solution  of  0.B8  mM 
hycVogen  peroxide  and  0.2  M  pH  7  phosphate  buffer. 

profile  around  the  disk.  This  image  was  taken  with  a  type 
B  tip,  and  the  poor  orientation  of  the  tip  and  surface  could 
only  be  avoided  by  making  multiple  tip  crashes  for  distance 
determination.  Obviously  this  procedure  is  not  satisfactory. 
However,  the  response  of  type  B  tips  to  peroxide  waa  more 
stable,  and  nearly  all  type  B  tips  prepared  bad  a  usable 
response  to  peroxide,  whereas  type  A  tips  did  not  show  a 
stable  response  to  peroxide  for  the  long  periods  of  time  (30 
min  to  Ih)  required  to  collect  these  images.  Despite  the  lack 
of  a  completely  satisfactory  distance  calihration,  type  B  tips 
could  be  used  in  a  qualitative  way  to  image  catalytic  activity. 
Figure  lOAisanimageofthedisthbutionofhydraganperoxide 
in  the  diffusion  layer  of  a  glassy  carbon  electrode  which  was 
partially  covered  with  platinum.  This  surface  was  prepared 
by  electrodepositing  platinum  onto  a  3*mm-diameter  glassy 
carbon  disk  from  a  solution  of  hexachloroplatinic  add  in  0.1 
M  HCl  at  a  potential  of  -0.5  V  vs  Ag/  AgCl.  This  resulted  in 
an  uneven  distribution  of  platinum  islands  partially  covering 
the  surface.  The  platinum  deposit  was  cleaned  by  potential 
cycling  in  0.5  M  H2SO4  until  the  characteristic  hydrogen 
adsorption-desorption  peaks  were  obtained.  The  dark  area 
in  Figure  lOA  (low  tip  current)  shows  a  region  covered  with 
platinum  where  oxygen  and  hydrogen  peroxide  are  reduced 
to  water.  The  light  area  is  the  bare  carbon  surface  where 
peroxide  is  a  stable  intermediate  in  the  reduction  of  oxygen. 
A  small  dark  spot  visible  in  the  upper  right-hand  comer  of 
the  image  suggests  the  presence  of  a  small,  ca.  lO-fun,  platinum 
particle.  Figure  lOB  shows  an  optical  micrograph  of  the 
surface;  unfortunately,  it  was  not  possible  to  determine  the 
part  of  Figure  lOB  scanned  in  Figure  iOA  because  of  the  lack 
of  structure  in  the  SECM  image.  However,  a  comparison 
with  the  optical  micrograph  of  the  surface  shows  an  important 
aspect  of  the  technique,  that  only  isolated  sinks  (or  sources) 
can  be  resolved.  The  main  platinum  region  is  composed  of 
smaller  islands  that  are  so  close  together  that  their  diffusion 
layers  overlap  and  are  not  distinguished  in  Figure  lOA.  This 
limitation  is  inherent  to  versions  of  SEICM  relying  on 
generation  of  an  electroactive  species  by  the  surface  under 
study'”  and  to  fluorescence  imaging””  where  a  fluorescence- 
inducing  species  is  generated,  but  is  less  important  in  feedback 
SECM  experiments  where  the  resolution  is  determined  only 
by  the  tip  size.' ^  In  comparison  with  fluorescence  imaging, 
the  imaging  technique  with  the  enzyme  electrode  is  very  slow, 
requiring  30  min  or  more  to  scan  a  300-iim  by  SOO-am  region. 
This  is  due  to  the  relatively  slow,  1-2  s,  response  time  of  the 


3«14  •  ANAtYTICAL  CHEMISTRY,  VCX..  65,  NO.  24,  DECEMBER  15.  1993 


diacuased  in  the  previoua  section,  the  distribution  ot  enzyme 
in  this  polymer  is  quite  uniform,  in  contrast  to  the  observations 
of  W  ang  and  co-workers  for  the  case  of  glucose  oxidase  trapped 
in  polypyrroie.''^  Figure  12  shows  a  scan  across  the  boundary 
of  the  polymer-enzyme-coated  region  and  the  bare  carbon 
surface,  where  the  current  drops  to  a  constant  low  value  over 
a  distance  range  of  roughly  100  um. 

CONCLUSIONS 

The  utility  of  horseradish  peroxidase  microelectrooes  in 
SECM  has  been  demonstrated  for  mechanistic  studies  of 
oxygen  reduction  and  for  the  detection  of  immobilized 
oxidases  without  the  need  for  artindal  redox  mediators.  For 
measurements  of  hydrogen  peroxide  in  the  diffusion  layer, 
there  are  three  main  advantages  over  rotating  ring-disk 
techniques.  These  are  the  excellent  selectivity  for  hydrogen 
peroxide  over  other  electroactive  compounds,  the  high 
sensitivity,  and  the  poesibility  of  imaging  distributions  of 
catalytic  activity  on  the  surface.  However,  these  sensors  have 
a  restricted  useful  pH  range  (ca.  4-8);  moreover,  the  substrate 
generation-tip  detection  mode  of  operation  is  not  convenient 
for  quantitative  measurements  requiring  a  well-defined 
collection  efficiency  or  for  high-resolution  imaging.  The 
sensors  have  a  relatively  long  response  time,  which  restricts 
the  scanning  rate  of  the  tip  across  the  surface  and  hence 
increases  the  time  required  to  obtain  an  image.  This  restricts 
the  technique  to  Imaging  of  steady-state  concentration 
profiles.  From  the  various  studies  carried  out  with  the  tip 
described  here  (see,  e.g..  Figure  lOA),  we  judge  the  resolution 
attainable  with  this  technique  to  be  of  the  order  of  tens  of 
micrometers. 

The  technique  has  promise  in  the  study  of  enzymatic 
systems  where  the  presence  of  many  electroactive  components 

(46)  Yaniv,  D.  R.;  McCormick,  L.;  Wang,  J.;  Naiet,  N.  J.  Electroanal. 
Chem.  1991.  314.  353. 


could  make  measurements  with  p  ..^or  carbon  detector 
electrodes  uncertain.  In  principle,  miuiv  enzymatic  oxidaticms 
can  be  studied  without  the  need  to  add  additional  redox 
mediators  (amperometryi  or  fluorescent  dyes  (fluorescence 
imaging). 
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nguralO.  (A)  lm>g>o<ft>conoMi>ri>lon  profit  o<  hydrogen  paroatida 
naartheaurfaoeofaglMeycwtniv-piitinMrncanipaatta.  ThaeoMlon 
cantBkMd  atr-aaturatad  0.2  M  pH  7  phoaphata  buffer,  and  tha  pottnttai 
of  (ha  ghaay  carbon  aubabata  waa  -1.0  V  vs  AgORE.  Tha  dp  to 
surfaoadMancawas~20fun.  The  wMio  scale  bars  mdicata  25  u<n. 
(B)  Optical  micrograph  of  the  surface  of  the  glassy  carbort-ptadnum 
composite  from  (A).  The  photofpaph  shows  an  area  ca.  500  uff> 
across.  Oatfrer  areas  are  eledrodeposlted  Pt. 

tips  which  necessitates  the  use  of  scan  rates  of  5  nm/  s  or  less. 
However,  the  technique  does  have  the  ability  to  provide 
concentration  profiles  normal  to  the  surface  instead  of 
integrating  over  a  light  path. 

Enzymatic  Oxygen  Reduction.  Hydrogen  peroxide  is 
formed  in  several  oxidase-catalyzed  oxidations  of  substrates 
by  oxygen.^  A  simplified  scheme  for  glucose  oxidation 
catalyzed  by  glucose  oxidase  is  shown  below. 

GOox  +  d'D-glucose  -»  GO^  +  D-gluconolactone  « 15) 

GOrrt  +  O,  —  GO„.  +  HoO,  (16) 

Therefore  an  attractive  possibility  for  assaying  enzyme 
activity  on  a  small  (length)  scale  is  the  measurement  of  the 
hydrogen  peroxide  produced.  This  is  easily  done  using  the 
peroxide-sensing  tips  described  here.  Glucose  oxidase  was 
immobilized  on  a  glassy  carbon  disk  (ca.  3-mm  diameter)  by 
trapping  in  the  same  polymer  as  used  for  the  tip.  The 
immobilized  glucose  oxidase  was  placed  in  air-saturated  pH 
7.0  phosphate  buffer  and  1  mM  glucose  was  added.  After 
allowing  the  enzyme  to  generate  hydrogen  peroxide  via 
reactions  15  and  16  for  a  few  minutes,  a  quasi-steady-state 
concentration  profile  of  hydrogen  peroxide  developed  at  the 
surface  of  the  carbon  disk.  Figure  11  sho.vs  an  approach 
curve  of  tip  current  against  distance  over  immo  bilized  glucose 
oxidase  in  a  solution  of  glucose.  The  tip  current  rises  slowly 
over  a  distance  of  several  hundred  micrometers  because  of 
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Figure  11.  Curram-relaiive  distance  curve  for  a  type  B  Up  appraacMng 
the  surtace  of  a  glassy  carbon  dUc  coaled  wNh  ImmotHfaed  glucose 
oxidase.  The  soluitan  contained  i  mM  gluroee  and  afr-eatiBatod  0.2 
M  pH  7  phosphate  buffer.  The  whole  approach  curve  (Imltad  by  the 
maximum  piezo  travel  of  ~475  tun)  Is  shown. 
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Figure  12.  Line  scan  across  the  edge  of  an  immobBzed  glucose 
oxidase  layar.  At  distarices  greater  than  ca.  300  tun.  the  tip  is  above 
a  bare  carbon  surface.  The  solution  contained  1  mM  ghicosa  and 
air-saturated  0.2  M  pH  7  phosphate  buffer. 

the  large  size  of  the  carbon  disk  used  as  sufaatrate.  The  sharp 
decrease  in  tip  curreut  is  due  to  the  tip  blocking  diffusion  of 
glucose  and  oxygen  to  the  immobilized  glucoae  oxidaM  on 
the  carbon  surface  under  the  tip  when  the  tip  is  cloae  to  the 
surface;  the  small  increase  that  follows  may  indicate  the  tip 
touched  the  surface.  On  scanning  the  tip  over  the  middle  of 
this  surface  ( not  shown ) ,  the  measured  peroxide  concentration 
was  constant  within  ~  10% ,  indicating  that,  with  the  proviso 
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Abstract:  Electrical  communication  between  redox  centers  of  glucose  oxidase  and  vitreous  carbon  electrodes  is  established 
through  binding  to  oligosaccharides,  at  the  periphery  of  the  enzyme,  ferrocene  functions  pendant  on  flexible  chains.  Communication 
is  effective  when  the  chains  are  long  (>I0  bonds),  but  not  when  the  chains  are  short  (<S  bonds).  When  attached  to  long 
flexible  chains,  the  peripherally  bound  relays  penetrate  the  enzyme  to  a  sufficient  depth  to  reduce  the  electron-transfer  distances 
between  a  redox  center  of  the  enzyme  and  the  relay  and  between  the  relay  and  the  electrode,  thereby  increasing  the  rate  of 
electron  transfer. 


Imroductioa 

The  redox  centers  of  many  enzymes  are  electrically  insulated 
by  thick  protein  or  glycoprotein  shells,  preventing  direct  electrical 
communication  between  the  centers  and  electrodes.  The  rate  of 
electron  transfer'  between  a  redox  center  of  an  enzyme  and  an 
electrode  is  controlled  by  (a)  the  distance  between  the  redox  center 
and  the  electrode,  (b)  the  potential  difference  between  the  redox 
center  and  the  electrode,  and  (c)  the  reorganization  energy  as¬ 
sociated  with  the  electron  transfer.^  For  enzymes  such  as  glucose 
oxidase,  with  buried  redox  centers,  diffusing  redox  mediators 
including  02/H202^  and  feirocene/ferricinium  derivatives*  have 
been  us^  to  shuttle  electrons  between  enzyme  redox  center  and 
electrodes.  Leakage  of  fcrrocene/ferricinium  mediators  from 
thin-film  enzyme  electrodes  leads  to  their  deterioration.’  Leakage 
can  be  avoicM  through  the  use  of  soluble  diffusing  high  molecular 
weight  redox  mediators,  such  as  ferrocene-derivatized  bovine  serum 
albumin*  and  ferrocene  bound  to  high  molecular  weight  poly- 
(ethylene  glycol)^  that  can  be  confined  within  membranes  having 
sufflciently  small  pores. 

Direct,  i.e.,  not  diffusionally  mediated,  electrical  communication 
between  a  buried  redox  center  of  an  enzyme  and  an  electrode  can 
be  achieved  through  insoluble,  electrode-attached  redox  polymers 
that  penetrate  the  enzyme  sufficiently  deeply  for  electron  ex¬ 
change.'  This  route  provides  the  significant  advantage  of  elim¬ 
inating  the  need  for  membrane  containing  the  soluble  macro- 
molecular  mediator.  Yet  another  way  to  establish  direct  electrical 
communication  between  a  buried  redox  center  of  an  enzyme  and 
an  electrode  is  through  covalently  binding  to  the  protein  of  the 
enzyme  (well  below  its  “peripheiy")  electron  relays.'  For  example, 
in  glucose  oxidase,  a  rather  rigid  glycoprotein  with  two  identical 
polypeptide  chains  and  a  hydrodynamic  radius  of  ~50  A,  the 
distances  involved  in  electron  transfer  between  the  active  sites  and 
the  electrode  are  shortened  upon  binding  1 2  or  more  ferrocene- 
carboxylic  acid  functions,  through  amide  links,  to  the  enzyme. 
Replacement  of  ferrocenecarboxylic  acid  by  ferroceneacetic  acid 
or  ferrocenebutanoic  acid  enhances  the  kinetics  of  electron 
transfer.*^  In  the  preparation  of  materials  for  affinity  chro¬ 
matography,  redox-active  species  of  enzymes,  such  as  NAD*/ 
N  ADH,  are  bound  to  supports  with  long  and  flexible  spacer  chains. 
Such  chains  facilitate  access  of  the  active  species  to  their  specific 
binding  sites.'" 

We  report  here  the  modification  of  glucose  oxidase  by  covalently 
binding  of  ferrocene  derivatives,  via  spacer  chains  of  different 
lengths,  to  sugar  residues  on  its  outer  surface.  We  show  that  the 
length  of  the  spacer  chain  has  a  crucial  influence  on  the  elec¬ 
trooxidation  of  the  enzyme,  i.e.,  on  electron  transfer  from  the 
reduced  active  site  of  the  enzyme,  via  the  spacer  chain  attached 
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ferrocenes,  to  electrodes.  This  process  is  rapid  only  when  the 
spacer  chain  is  sufficiently  long  to  allow  the  ferrocene  to  penetrate 
the  enzyme  sufficiently  to  approach  the  redox  center. 

Experimental  Section 

Chemicals.  Glucose  oxidase  type  X  (EC  1. 1.3.4,  from  Aspergillus 
niger,  128  units  mg''),  sodium  m-periodate,  sodium  boron  hydride,  3- 
methyl-2-benzothiazolinone  hydrazone  hydrochloride  (MBTH),  1,2- 
ethylenediamine,  1.3-diaminopropane,  1 ,6-diaminohexane.  1,8-diamino- 
octane,  1,10-diaminodecane,  and  diethylenetriamine  were  purchased  from 
Sigma;  ferrocene  carboxaldehyde  (98%)  was  obtained  from  Aldrich. 
(Aminoethyl)ferrocene  was  synthesized  according  to  literature"  and 
precipitated  as  the  chloride  salt.  All  other  chemicals  were  of  the  best 
available  grade  and  used  without  further  purification.  Unless  otherwise 
noted,  all  experiments  were  performed  at  room  temperature  in  a  standard 
aqueous  buffer  solution  containing  100  mM  phosphate  and  200  mM 
NaCl  at  pH  7.2. 

Electrodes  and  Eqidpmenl.  Electrochemical  measurements  were  per¬ 
formed  with  an  EG&G  Princeton  Applied  Research  175  universal  pro¬ 
grammer,  a  Model  173  potentiostat,  and  a  Model  179  digital  coulometer. 
The  signal  was  recorded  on  a  Kipp  and  Zonen  Y-Y-Y'  recorder.  Glassy 
carbon  rods  (Sigradur,  3-mm  diameter)  sealed  with  epoxy  resin  into  glass 
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Fifwe  2.  Preparation  of  glucose  oxidase  modiHed  by  peripherally  bound  ferrocenes. 


were  polished  prior  to  use  on  a  polishing  cloth  sequentially  with  alumina 
of  decreasing  particle  size  (1, 0.3, 0.S  >tm),  sonicated,  rinsed  with  distilled 
water,  and  then  dried  in  air.  A  single-compartment  electrochemical  cell 
was  used  with  an  aqueous  KCI/saturated  calomel  (SCE)  reference 
electrode  and  a  platinum  counter  electrode.  All  potentials  are  referred 
to  this  reference  electrode  (+244  mV  vs  NHE). 

Syntbesis  of  Ferroceae  Derivatives.  The  ferrocene  derivatives  with 
different  spacer  lengths  were  synthesized  as  shown  in  Figure  I .  A  4-fold 
excess  of  the  appropriate  diamine  was  heated  in  100  mL  of  DMF  to  100 
*C,  and  SOO  mg  of  ferrocenecarboxaldehyde  dissolved  in  50  mL  of  DMF 
was  added  dropwise  within  I  h  to  prevent  formation  of  the  bridged 
diferrocene  compound.  After  another  hour  an  excess  of  sodium  boro- 
hydride  in  water  was  dropped  into  the  solution,  and  the  reaction  mixture 
was  stirred  for  an  additional  hour  at  room  temperature.  The  solvent 
mixture  was  rotavaporated  to  dryness  and  the  residue  extracted  with 
dichloromethane  and  separated  through  a  silica  column  (1.5  cm  x  30 
cm).  A  First  fraction — the  bridged  diferrocene — was  eluted  with  di¬ 
chloromethane,  the  main  fraction  with  dichloromethane/ methanol  10:1. 
The  solvent  was  evaporated  to  dryness,  the  residue  dissolved  in  diethyl 
ether,  and  the  hydrochloride  precipitated  by  bubbling  gaseous  hydro¬ 
chloric  acid  through  the  solution.  All  compounds  show  the  expect^  'H 
NMR  spectra. 

Ptiparatloa  ef  Fanocatw-Modtflad  Glacoae  OxMaae.  The  oxidation 
of  the  enzyme-bound  sugar  residues  was  performed  with  sodium  m- 


periodate  according  to  established  procedures.'^  The  ferrocenes  were 
attached  to  the  aldehyde  groups  formed  thus  on  the  outer  enzyme  surface 
via  Schiff  bases,  which  were  reduced  with  sodium  borohydride  subse¬ 
quently  (Figure  2).  The  modiHed  enzyme  was  isolated  from  low  mo¬ 
lecular  weight  compounds  and  desalted  by  gel  chromatography  (Sepha- 
dex  G25  equilibrate  with  water;  column  2.5  cm  X  20  cm).  The  volume 
was  reduce  by  means  of  ultraHItration  through  a  membrane  (Amicon 
PM30,  MWCO  30000),  and  the  modified  enzyme  was  freeze-dried.  To 
verify  that  the  unreacted  ferrocenes  were  not  electrostatically  bound  to 
the  enzyme,  the  freeze-dried  product  was  redissolved  and  extracted  with 
copious  amounts  of  a  solution  containing  0.1  M  phosphate  and  0.1  M 
NaCI  at  pH  7.1  in  an  ultraHItration  cell.  After  refreeze-drying,  the 
electrochemical  characteristics  of  the  modiHed  enzyme  were  unchanged, 
confirming  the  absence  of  noncovalently  bound  ferrocenes.  Determina¬ 
tion  of  the  amount  of  aldehyde  groups  at  the  enzyme  surface  was  per¬ 
formed  by  a  procedu-e  of  Sawicki  et  al.”  The  activity  of  the  lyophilized 
enzymes  was  deterinined  spectrophotometrically  by  the  o-dianisidine/ 
peroxidase  assay.'*  The  labeling  of  the  enzyme  with  ferrocenes  was 

(12)  (a)  Nakane,  P.  K.;  Kawaoi,  A.  J.  Histachem.  Cylochem.  1974,  22, 
1084.  (b)  Nakamura,  S.;  Hayashi,  S.;  Koga,  K.  Biochlm.  Blophys.  Acta  1976, 
445,  294. 

(13)  Sawicki,  E.;  Hauser,  T.  R.;  Stanley,  T.  W.;  Elbert,  W.  Anal.  Chem. 
1961,  33,  93. 


1396  J.  Am.  Chem.  Soc..  Vol.  113.  No.  4.  1991 


Schuhmann  el  at. 


TaM*  1.  Effect  of  the  Spacer  Chain  Length  on  the  Catalytic  Current  of  Ferrocene- Modified  Glucose  Oxidase 


no. 

compound 

bonds 

nA 

WlFclrt 

rel  enzyme 
activ  (O2J' 

I 

Enz-CH2-NH-(CH2)j-NH-CHj-Fc 

7 

200 

1.50  ±  0.20 

400  ±  160 

0.27 

2 

Enz-CH2-NH-(CHj)j-NH-CH2-Fc 

8 

1010 

1.00  ±  0.10 

1010  ±  100 

0.38 

3 

Enz-CH2-NH-(CH2)4-NH-CH2-Fc 

II 

1190 

1.00  ±  0.10 

II90±  120 

0.45 

4 

Enz-CH2-NH-(CH2),-NH-CH2-Fc 

13 

2800 

1.00  ±  0.10 

2800  ±  280 

0.41 

5 

Enz-CH2-NH-(CH2)io-NH-CH2-Fc 

IS 

2680 

1.00  ±  0.10 

2680  ±  270 

0.49 

6 

Enz-CH2-NH-(CH2)2-Fc 

5 

460 

0.75  ±  0.25 

600  4:  200 

0.33 

7 

Enz-CH2-NH-[(CH2)2-NH]2-CH2-Fc 

10 

3200 

1.00  ±  0.10 

3200  ±  320 

0.36 

•Catalytic  glucose  oxidation  current  on  3-mm-diameter  glassy  carbon  electrodes  at  0.35  V  (SCE).  ‘Coulometrically  determined  relative  number 
of  ferrocenes  per  enzyme.  'Hydrogen  peroxide  rate  of  formation,  measured  relative  to  the  native  glucose  oxidase  rate. 


7  BOND  CHAIN  Q)  8  BOND  CHAIN  (2)  13  BOND  CHAIN  (4) 


Hgare  3.  Effect  of  the  chain  length  connecting  peripherally  bound  ferrocene  to  glucose  oxidase  on  the  electrocatalytic  glucose  oxidation  current.  Curves 
a  represent  oxidation  currents  in  the  absence  of  glucose;  curves  b  represent  currents  at  40  mM  glucose.  All  solutions  contain  2  mg  mL''  of  one  of  the 
modified  enzymes,  0.1  M  phosphate  buffer  (pH  7.2),  and  200  units/mL''  catalase;  3-mm-diameter  glassy  carbon  disks;  all  potentials  vs  SCE;  scan 
rate  10  mV  s'*. 


evaluated  by  atomic  absorption  spectroscopy  and  by  coulometry. 

Resalts  and  Discussion 

Synthesis  of  Ferrocene-Labeled  Glucose  Oxidase.  Glucose 
oxid^  (EC  1.1. 3.4  from  Aspergillus  niger)  is  a  dimer  glycoprotein 
with  a  molecular  mass  of  186000  daltons.  The  oligosaccharide 
chains,  which  form  a  hydrophilic  periphery,  represent  ~  1 2%  of 
its  weight.  Oxidation  of  these  with  periodate'^  has  been  used  to 
provide  peripheral  aldehyde  groups  for  the  immobilization  of 
glycoenzymes  to  polymeric  supports'*  or  to  electrode  surfaces.'* 
Analogously,  we  have  now  applied  this  method  to  bind  ferrocene 
derivatives  with  different  spacer  lengths  to  the  surface  of  glucose 
oxidase.  The  periodate  oxidation  of  glucose  oxidase  was  inves¬ 
tigated  with  respect  to  the  number  of  aldehyde  functions  obtained 
and  the  decrease  of  enzymatic  activity  during  the  reaction.  As 
expected,  the  aldehyde  concentration  increased  when  the  reaction 
times  were  longer  and  the  enzymatic  activity  decreased.  Optimal 
results  were  obtained  at  a  reaction  time  of  1  h  and  a  periodate 
concentration  of  >20  mM,  the  conditions  of  our  experiments.  The 
number  of  aldehyde  groups,  introduced  upon  oxidation  with  20 
mM  sodium  periodate,  was  determined  spectrophotometrically 
after  its  reaction  with  3-methyl-2-benzothiazolinone  hydrazone 
hydrochloride,  following  a  proc^ure  of  Sawicki  et  al.'*  Assuming 
that  the  extinction  coefTicient  reported  for  the  hydrazones  of 
aldehydes  formed  from  mannitol  (e  =  95000  L  mol~'  cm"')  is 


(14)  Glucote  procedure  541,  Sigma  Chemical  Co.,  St.  Louis,  MO. 
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Cellr,  Cohmick,  S.  P.,  Kaplan,  N.  O.,  Mosbach,  K.,  Eds.;  Academic  Press: 
San  Diego,  CA,  1987;  Vol.  135,  p  141. 

(16)  Schuhmann,  W.;  Kittsteiner,  R.  Biosensors  Bloelectronics,  in  press. 
Printed  at  the  Firt  World  Congress  on  Biosensors,  Singapore,  1990. 


similar  to  that  of  the  hydrazones  of  the  oxidized  enzyme,  we 
estimate  6.4  aldehyde  groups  per  enzyme  molecule.'^  However, 
because  polysaccharides  do  not  react  as  completely  as  mono¬ 
saccharides  with  this  hydrazone,  and  because  the  extinction 
coefTicient  for  the  aldehydes  derived  from  mannitol  is  higher  than 
that  of  other  sugars,  this  estimate  may  be  low.  The  functionalized 
enzyme  used  for  the  covalent  binding  of  the  different  ferrocene 
compounds  showed  an  activity  of  66  units  mg*'. 

As  the  rate  of  electron  transfer  decays  exponentially  with  the 
distance  of  the  involved  redox  centers,  a  significant  influence  of 
the  spacer  length  between  enzyme  surface  and  relay  on  the 
electron-transfer  properties  of  the  modified  enzyme  in  question 
was  expected.  To  evaluate  the  effect  of  chain  length  on  the 
effectiveness  of  electron  transfer  to  electrodes,  we  prepared  the 
series  of  ferrocene-derivatized  enzymes  shown  in  Table  I  (com¬ 
pounds  1-7).  The  amino-functionalized  ferrocene  derivatives  have 
been  synthesized  through  the  reaction  sequence  shown  in  Figure 
I  and  purified  by  column  chromatography.  Following  I04~  ox¬ 
idation  of  the  oligosaccharide  residues  on  the  enzyme,  the  resulting 
aldehyde  groups  were  reacted  with  ferrocene  amines,  to  form 
Schiff  bases.  These  were  reduced  with  NaBH4  to  the  secondary 
amines  (Figure  2).  Binding  of  amino  spacer  modified  ferrocene 
derivatives  to  the  surface  of  the  functionalized  glucose  oxidase 
did  not  lead  to  a  further  decrease  of  enzymatic  activity  (see  Table 
1). 

Ekctrochemical  Investigations  of  Ferrocene-Modified  Glucose 
Oxidase.  The  results  of  the  electrochemical  measurements  are 
summarized  in  Figure  3  and  Table  I.  The  cyclic  voltammograms 
shown  in  Figure  3  were  run  at  2  mg  mL~'  concentration  of  the 


(17)  Sawicki,  E.;  Schumacher,  R.;  Engel,  C.  R.  MIcrochem.  J.  1967, 12, 
377. 


Electron  Transfer  between  Glucose  Oxidase  and  Electrodes 


TaMt  II.  Catalytic  Current  of  Partially  Deactivated 
Ferrocene-Modifled  Enzymes  _ 


no. 

compound 

bonds 

nA 

•/ 

'  cai 

(dcactiv)/ 

nA 

'  Ctl 

(deactiv  + 
native  enz)/ 
nA 

1 

Enz-CHj-NH- 

(CH2)2-NH-CH2-Fc 

7 

200 

120 

170 

4 

Enz-CHj-NH- 

(CH2),-NH-CH2-Fc 

13 

2800 

350 

470 

‘Catalytic  current  for  modified  enzyme  from  Table  I.  ^Catalytic 
current  for  modified,  then  partially  deactivated  enzyme.  'Catalytic 
current  of  (b)  after  addition  of  an  equal  amount  (I  mg  mL*')  of  native 
glucose  oxidase. 

ferrocene-modiried  enzymes  1-7  in  0.1  M  phosphate  buffer  (pH 
7.2).  The  three-electrode  cells  were  equipped  with  a  glassy  carton 
(3-mm  diameter)  working  electrode,  a  platinum  wire  counter 
electrode,  and  a  KCl-saturated  calomel  reference  electrode. 
Catalase  was  added  to  the  solutions  (2(X)  units  mL'')  to  decompose 
any  hydrogen  peroxide  that  might  be  formed  in  the  presence  of 
residual  oxygen.  Curve  I  of  Figure  3  shows  the  cyclic  voltam- 
mograms  of  a  solution  of  compound  1  in  buffer  (a)  without  glucose 
and  (b)  with  40  mM  glucose.  Curves  2  and  3  show  the  cyclic 
voitammograms  observed  under  identical  conditions  for  compounds 
2  and  4,  respectively.  The  limiting  currents,  normalized  for  the 
amount  of  attached  ferrocene,  increase  with  chain  length  (Table 
I).  Notable  enhancement  of  the  catalytic  current  is  observed  in 
compound  7,  where  i  =  6.5  pA,  i.e.,  the  current  density  reaches 
90  mA  cm"*. 

ElectroB-Traasfer  Model.  A  peripherally  attached  redox  me¬ 
diator  may  accept  electrons  through  either  an  intramolecular  or 
an  intermolecular  process  (Figure  4),  acting  in  the  latter  as  a 
conventional  diffusing  mediator.  For  example,  mediation  by 
ferrocene-modiried  albumin  has  been  reported.*  The  dominance 
of  the  intramolecular  electron-transfer  process  in  the  case  of 
enzymes  with  long  chains  was  established  through  the  following 
experiment.  Enzymes  1  and  4  were  partially  deactivated  by  6  M 
urea  (4  h,  25*)  and  then  separated  from  the  urea  by  gel-per¬ 
meation  chromatography.  Their  catalytic  currents  i' (Table  II) 
were  measured  at  an  enzyme  concentration  of  1  mg  mL"'  under 
conditions  identical  with  those  for  („,  in  Table  I.  Then  I  mg  mL"' 
native  glucose  oxidase  was  added,  and  the  catalytic  current  (f"a„ 
Table  11)  was  determined.  If  the  process  were  entirely  inter- 
molecular,  /"c(  would  have  been  equal  to  or  greater  than  i^,, 
because  the  concentration  of  the  electron-transfer  mediator  is 
unchanged  and  both  the  concentration  and  relative  catalytic  ac¬ 
tivity  of  the  enzyme  are  increased  (note  in  Table  I  that  1  and  4 
retain,  respectively,  0.27  and  0.45  of  the  native  enzyme’s  activity). 
If  the  process  were  entirely  intramolecular,  addition  of  native 
enzyme  would  not  have  changed  the  catalytic  current  seen  with 
the  deactivated  enzyme  (I'c,,  Table  II).  Measurement  of  the 
catalytic  current  in  the  presence  of  deactivated  I  and  4  with  native 
enzyme  added  shows  that  in  the  case  of  1,  where  the  chain  is  short, 
the  current  approaches  ic  for  the  enzyme  prior  to  deactivation, 
i.e.,  that  the  process  of  electron  transfer  either  has  a  substantial 
intermolecular  component  or  is  entirely  intermolecular.  For 
compound  4,  made  with  long  chains,  i"a„  the  current  observed 
with  the  partially  deactivate  enzyme  plus  native  enzyme  (470 
nA),  remains  much  below  the  28()0-nA  catalytic  current  of  the 
enzyme  prior  to  its  partial  deactivation  and  is  only  marginally 
higher  tton  the  350-nA  current  of  the  partially  deactivated  enzyme 
(Table  II).  This  indicates  that  when  the  spacer  chain  is  long  the 
process  is  dominantly  intramolecular.  We  thus  conclude  that  the 
increase  in  catalytic  currents  with  increase  in  chain  length  (Table 
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(b) 

Figan  4.  (a)  Intramolecular  and  (b)  intermolecular  electron  transfer  via 
chain-attached  mediators. 

I  and  Figure  3)  originates  in  enhanced  intramolecular  electron 
transfer  from  the  enzyme’s  redox  centers  to  the  chain-attached 
relay  and,  via  the  relay,  to  the  electrode.  Our  observations  do 
not  allow  us  to  define  the  extent  of  electron  transfer  by  a  dynamic 
process,  where  the  chain-pendant  mediator  swings  “in"  and  “out” 
of  the  enzyme,  and  a  static  process,  where  the  relay  is  reasonably 
stationary,  i.e.,  is  bound  by  hydrophobic  or  electrostatic  interaction 
to  a  specific  region  in  the  protein. 
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Relaying  of  Electrons  in  Enzymes 

This  Account  describes  the  chemical  modiflcation  of 
regions  of  laige  biomolecules,  transforming  them  from 
electrical  insulators  to  electrical  conductors.  Redox 
enzymes  are  molecules  of  40000  Da  (daltons)  (e.g.,  ga¬ 
lactose  oxidase)  to  850000  Da  (e.g.,  choline  de¬ 
hydrogenase)  with  one  or  more  redox  centers.  Their 
average  hydrodynamic  diameters  range  from  ~55  to 
~150  A.  In  the  great  majority  of  enzymes,  the  redox 
centers  are  locat^  sufficiently  far  from  the  outermost 
surface  (defined  by  protruding  protein  or  glycoprotein 
domains)  to  be  electrically  inaccessible.  Consequently, 
most  enzymes  do  not  exchange  electrons  with  el^rodes 
on  which  they  are  adsorbed,  i.e.,  their  redox  centers  are 
neither  electrooxidized  at  positive  potentials  nor 
electroreduced  at  negative  ones.  Apparently,  part  of 
the  protein  or  glycoprotein  shell  surrounding  the  redox 
centers  is  there  to  prevent  indiscriminate  electron  ex¬ 
change  between  the  different  redox  macromolecules  of 
living  s3rstems.  Such  exchange  would,  in  the  extreme 
case,  lead  to  an  equipotential  system,  which  could  not 
sustain  life.  Another  function  of  this  shell  is  to  stabilize 
the  structure  of  the  enzyme.  Because  neither  function 
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is  essential  for  catalysis,  redox  enzymes  do  function 
when  part  of  the  shell  is  stripped^*^  or,  as  we  shall  see 
here,  when  the  shell  is  chemictdly  altered  so  as  to  make 
it  electrically  conductive.®^  Following  such  alteration, 
a  redox  center  of  an  enzyme  will  directly  transfer 
electrons  to  an  electrode  on  which  the  enzyme  is  ad¬ 
sorbed.®’^  We  call  the  centers  that  increase  the  electron 
current  flowing  through  their  shells  by  accepting  and 
transferring  electrons  “electron  relays”. 

The  distance  dependence  of  the  rate  of  electron 
transfer  in  proteins  has  been  the  subject  of  experi¬ 
mental''"*^  and  theoretical*®"®*  studies  during  the  past 
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decade.  Because  the  process  of  electron  transfer  is,  in 
essence,  an  electron  tunneling  process,^^  theories  predict 
and  experiments  show  that  the  rate  of  electron  transfer 
decays  exponentially  with  distance,  when  the  distance 
substantially  exceeds  atomic  dimensions  (>3  A).  Thus, 

fcpT  =  (1) 

where  is  the  rate  of  electron  transfer,  /3  is  a  constant 
for  a  given  electron  donor/ acceptor  pair  in  a  defined 
medium,  d  is  the  distance  between  the  donor  and  the 
acceptor,  -AG**  is  the  driving  energy,  and  X  is  the 
Marcus  reorganization  energy.  Most  redox  enzymes 
have  sufficiently  thick  protein  or  glycoprotein  shells  to 
make  the  product  ^(d  -  3)  large  enough  to  decrease  the 
rate  of  electron  transfer  to  a  negligibly  small  value  for 
a  random  encounter  between  an  enzyme  and  another 
redox  protein  or  between  an  enzyme  and  an  electrode. 

Function  and  Design  of  Electron  Relays 

Among  the  several  electron-transfer  theories,  Marcus 
theory  translates  the  electron-transfer  rate  into  simple 
chemical  terms.^  *®  Electron  transfer  will  take  place 
when  both  the  donor  and  the  acceptor  assume  struc¬ 
tural  configurations  that  require  no  further  reorgani¬ 
zation  upon  electron  transfer.  The  energy  invested  in 
order  to  bring  the  pair  to  this  structure  is  the  Marcus 
reorganization  energy,  denoted  by  X.  At  a  given  re¬ 
organization  energy,  temperature,  and  distance  and  in 
a  given  medium,  the  rate  of  electron  transfer  increases 
when  the  process  is  exoergic  (AG  <  0),  i.e.,  the  electron 
hops  thermodynamically  downhill  from  a  reducing 
center  to  an  oxidizing  center.  The  difference  in  the 
energy  of  the  system  is  nil  for  electron  transfer  between 
compositionally  identical  ions  in  different  oxidation 
stat^.  By  measuring  the  rate  of  electron  transfer  within 
a  redox  couple,  one  obtains  its  “self-exchange  rate”.  A 
high  self-exchange  rate  is  indicative  of  a  small  reorg¬ 
anization  energy.  Couples  with  small  reorganization 
energies  are  fast,  i.e.,  exchange  electrons  rapidly  with 
electrodes.  Thus,  the  best  electron  relays  in  biological 
macromolecules  are  also  fast  redox  couples.  Further¬ 
more,  the  faster  the  couple,  the  greater  the  allowed 
distance  at  which  a  given  current  will  flow  between  an 
electron-donating  center  of  an  enzyme  and  an  electron 
relay  based  on  this  couple,  and  also  between  the  relay 
and  an  electrode.  This  current  will  increase  when  the 
potential  difference  between  the  donor  and  the  relay, 
or  between  the  relay  and  the  electrode,  is  increased. 
Usually  only  one  of  these  two  electron  hops  will  be  rate 
controlling. 

Of  the  experimental  studies  on  electron-transfer  rates 
in  proteins,  those  of  Gray  and  colleagues’’®  are  partic¬ 
ularly  relevant,  because  they  provide  quantitative  in- 
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formation  about  the  distance  dependence  at  varying 
reorganization  energies  and  potential  differences.  For 
electron  transfer  between  porphyrin-bound  Fe^"*^  centers 
and  histidine-bound  (RuiNHals]®"*^,  they  find  0  =  0.91 
A ‘,  or  a  10-fold  decrease  in  the  rate  of  electron  transfer - 
upon  each  2.1-A  increase  in  distance.  Thus  for  a  protein 
and  donoi^acceptor  pair  similar  to  that  studied  by  Gray 
et  al.,  insertion  of  a  layer  of  fast  relays  at  half-thickness 
across  a  30-A-thick  protein  film  on  an  electrode  may 
increase  the  current,  between  a  sheet  of  donors  on  the 
solution  side  of  the  film  and  the  electrode,  by  a  factor 
as  large  as  10’. 

The  relationship  between  d,  0,  X,  and  the  potential 
difference  AV  (AG  =  -cAV)  is  illuminating.  Let  us 
consider  a  monolayer  of  a  redox  enzyme  covering  an 
electrode  and  calculate,  from  eq  1,  some  d,  X,  and  AV 
values  required  for  realizing  the  full  enzyme-turnover- 
limited  current  density.  Glucose  oxidase  turns  over  at 
ambient  temperature  at  a  rate  of  ~10^  s  ',  i.e.,  it  pro¬ 
duces  about  200  transferable  electrons/s.  Because  its 
radius  is  ~43  A,  there  can  be  up  to  1.7  X  10'^  enzyme 
molecules  on  the  electrode  surface.  The  current  density, 
when  all  redox  centers  are  electrically  well  connected 
to  the  electrode,  may  thus  reach  about  3.4  X  10''* 
electrons  s  '  cm'^,  or  53  pA  cm“^.  At  a  25-A  distance 
between  the  electron-transferring  centers  and  the 
electrode,  it  is  possible  to  reach  an  electron-transfer  rate 
of  200  s''  when  X  <  1.0  eV  and  AV  <  -0.3  V,  or  when 
X  <  0.4  eV  and  AV  <  0  V.  For  d  =  20  A,  electron 
transfer  will  be  effective  even  at  AV  =  0.0  V  and  X  < 
0.9  eV.’  Thus  with  a  fast  relay,  having  a  redox  potential 
substantially  oxidizing  with  respect  to  the  redox  po¬ 
tential  of  glucose  oxidase,  electron  transfer  with  a  typ¬ 
ical  reorganization  energy  of  0.5-1  eV  may  take  place 
across  a  distance  as  long  as  25  A.  With  a  fast,  moder¬ 
ately  oxidizing  relay,  an  electron-transfer  distance  of 
20  A  is  realizable. 

We  can  see  why  small  redox  proteins,  of  2  X  10“* 
daltons  or  less,  with  effective  hydrodynamic  radii  of  less 
than  ~21  A  can  be  directly  electrooxidized  or  reduced 
when  adsorbed  on  electrodes  and  why  glucose  oxidase, 
with  160000  Da,  and  a  hydrodynamic  radius  of  43  A,' 
cannot.  Nevertheless,  even  in  small  proteins,  with  redox 
centers  that  communicate  directly  with  electrodes, 
protein  orientation  is  important.  By  selection  of  elec¬ 
trode  surfaces,  or  by  modification  of  these  with  or¬ 
ienting  promoters,  such  as  positively  charged  organic 
or  inorganic  molecules  or  ions,  the  rate  of  electron 
transfer  can  be  enhanced.^'®®  We  also  see  from  the 
relationships  why  a  few  large  enzymes,  after  integration 
of  small  redox  proteins  (e.g.,  cytochrome  c)  into  the 
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external  part  of  their  structure,  are  directly  electroox- 
idized  or  reduced  on  electrodes^'”®®  and  why  most  large 
enzymes,  with  deep  redox  centers,  are  not  directly 
electrooxidized  or  reduced  on  electrodes. 

Glucose  oxidase  (GO)  (EC  1. 1.3.4)  is  an  example  of 
an  enzyme  of  the  latter  type.  This  enzyme  catalyzes 
the  transfer  of  electrons  from  glucose  to  oxygen,  pro¬ 
ducing  gluconolactone  and  hydrogen  peroxide  (eq  2  and 
3).  The  process  involves  the  FAD/FADH2  redox  cen- 


glucose  +  qo  -  FAD 

I —  2e"  +  2H  *  — ^ 
GO  -  FADHj  +  Oj 

I — 2e"  +  2H* — ^ 


gluconolactone  +  GO-FADH2  (2) 


QO-FAO  +  HjOj  (3) 


ters  of  the  enzyme.  Glucose  cannot  be  selectively 
electrooxidized  at  an  electrode  on  which  the  enzyme  has 
been  adsorbed,  because  the  product  /3(d  ~  3)  is  excessive 
for  electron  transfer  to  the  electrode.  Even  at  the  most 
anodic  potentials  that  are  accessible  in  aqueous  solu¬ 
tions,  electrode  reaction  4  cannot  be  driven.  Reaction 

GO-FADH2  —  GO-FAD  +  2H+  2e-  (4) 

3  takes  place  only  because  oxygen  diffuses  into  the 
protein,  reducing  d  sufficiently  to  allow  electron 
transfer.  In  addition  to  oxygen,  other  oxidized  members 
of  redox  couples  can  diffuse  into  enzymes  to  accept 
electrons  from  their  redox  (e.g.,  FADH2)  centers.  One 
of  the  first  studied  may  have  been  methylene  blue.®^"®® 
The  physical  parameters  that  define  for  enzyme 
electrodes  the  effectiveness  of  bound  electron  relays 
consisting  of  diffusing  electron  carriers  are  identical: 
diffusing  species  are  effective  when  they  need  not 
penetrate  the  enzyme  deeply  for  electron  transfer;  and 
relays  are  effective  when  they  can  accept  and  transfer 
electrons  across  substantial  distances.  In  both  cases, 
we  seek  high  self-exchange  rates,  though  it  is  also 
possible  to  increase  the  electron-transfer  rates  by  in¬ 
creasing  AV.  The  list  of  effective  diffusional  electron 
acceptors  and  donors  includes  ferrocene/ferricinium 
derivatives;®’’®®  ruthenium®"*’/®'*'  ammines;®®  hydro- 
quinones/quinones;**  reducible  and  oxidizable  compo¬ 
nents  of  organic  salts;^'-^®  and  tungsten®’*’/®’*’  and  mo- 
lybdenum®'*’/®’*’  octacyanides.^ 
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METAL  OR  CARBON  ELECTRODE 

Figure  1.  Top:  When  a  native  redox  enzyme  (e.g.,  glucose 
oxidase)  is  adsorbed  on  an  electrode,  the  electron-transfer  dis¬ 
tances  are  excessive  fo*-  electrical  communication  between  the 
redox  centers  and  the  electrode.  Bottom;  Flow  of  electrons 
through  a  relay  from  a  redox  center  of  an  enzyme  (glucose  oxidase) 
to  an  electrode.  A  current  is  observed  when  the  substrate  (glucose) 
transfers  a  pair  of  electrons  to  an  FAD  center  of  the  enzyme  that, 
in  turn,  transfers  these  either  to  a  relay  or  to  a  molecular  wire, 
which  then  transfers  the  electrons  to  the  electrode. 


Bonding  of  Electron  Relays  to  Enzyme  Proteins 

Our  first  study,  aimed  at  establishing  that  the  elec¬ 
trical  properties  of  enzyme  proteins  can  be  modified, 
involved  ferrocen^ferricinium  carboxylate  electron 
relays  (Figure  I).®’-®®  Amide  links  were  formed  between 
the  carboxylate  and  part  of  the  42  lysine  amine  func¬ 
tions  of  glucose  oxidase  through  carbodiimide  coupling 
(eq  5).®’^  The  reaction  proceeds  in  an  aqueous  solution 
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at  physiological  temperature  and  pH.  In  the  first  ex¬ 
periments,  we  were  unable  to  reproduce  reliably  the 
(occasionally  observed)  direct  electrical  communication 
between  the  FAD/FADH2  centers  of  glucose  oxidase 
and  metal  or  graphite  electrodes,  via  the  enzyme-bound 
relays.  But  after  the  enzyme  protein  was  reversibly 
(partially)  unfolded  by  2-3  M  urea,  we  obtained  re¬ 
producible  results.  An  average  of  12  ferrocene  functions 
could  be  covalently  incorporated  in  glucose  oxidase.®”® 
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Figure  2.  Cyclic  voltammograms  (current  vs  potential  plots)  for 
electrodes  made  with  (a)  native  glucose  oxidase  with  or  without 
glucose;  (b)  glucose  oxidase  modified  by  covalent  bonding  of  12 
electron  relays  per  enzyme  molecule  in  the  absence  of  glucose; 
(c)  as  in  b,  but  at  0.8  mM  glucose;  and  (d)  as  in  b,  but  at  5  mM 
glucose.  Scan  rate  2  mV /s. 

After  removal  of  the  urea  by  gel  permeation  chroma¬ 
tography,  the  relay-modified  enzyme  retained  60%  of 
its  activity  and  communicated  electrically  with  graphite, 
glassy  carbon,  gold,  and  other  metals.  Communication 
resulted  in  a  glucose-concentration-dependent  current 
at  or  above  the  oxidation  potential  of  the  relay  (Figures 
I  and  2).  The  current  was  produced  by  a  sequence  of 
electron-transfer  steps;  glucose  reduced  the  enzyme’s 
FAD  centers  to  FADH2;  the  FADH2  centers  were  re¬ 
oxidized  to  FAD  upon  transferring  electrons  to  the 
ferricinium  relays,  reducing  these  to  ferrocene;  ferrocene 
transferred  electrons  to  the  electrode  and  was  reoxidized 
to  ferricinium.  The  greater  the  number  of  relays  we 
bound  to  the  enzyme,  the  better  its  FADH2  centers 
communicated  with  electrodes.®  This  was  also  the  case 
in  D-amino  acid  oxidase.^-®  The  current  in  relay-mod¬ 
ified  glucose  oxidase  electrodes  increased  when  glucose 
was  added  to  the  solution  (Figure  2)  but  did  not  change 
when  sucrose,  other  hexoses,  or  pentoses  were  added.® 

Another  effective  glucose  oxidase  bound  relay  that 
we  and  Bartlett  and  Whitaker®-^  studied  was  ferrocene 
acetic  acid,  covalently  bound  to  glucose  oxidase  lysines. 
In  a  reaction  sequence  similar  to  that  shown  in  eq  5, 
21  relays  were  bound  to  the  enzyme,  further  enhancing 
electrical  communication.^  Glucose  oxidase  was  also 
modified  with  ruthenium  pentaammine  relays,  bound 
coordinatively  to  histidine  functions  of  the  enzyme,  or 
to  pyridine  functions  that  were  covalently  bound  either 
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to  tyrosines  by  azo  links  or  to  lysines  through  amide 
links.  These  relays  were  less  stable  than  the  ferroc- 
enes.^’® 

Electrical  Wiring  of  Redox  Enzymes 

When  electron  relays  are  bound  to  an  enzyme,  the 
bulk  of  the  enzyme  does  not  become  conductive.  . 
Rather,  electrons  are  preferentially  conducted  along 
routes  defined  by  the  relays.  As  seen  earlier,  for  relays 
of  low  reorganization  energy  and  adequate  potential 
difference  (between  the  FAD/FADH2  center  and  the 
relay  and  between  the  relay  and  the  electrode),  elec¬ 
tron-transfer  distances  can  be  20-25  A,  and  a  single 
relay  can  be  adequate  to  allow  sequential  electron  hops 
between  the  enzyme’s  redox  center  and  the  electrode. 
Nevertheless,  because  there  are  few  effective  electron- 
transfer  paths  even  if  12  relays  are  bound  to  the  en¬ 
zyme,  only  when  the  enzyme  tumbles  on  the  surface  of 
the  electrode  is  its  charge  effectively  collected:  the 
enzyme  must  point  a  specific  zone  of  its  surface  to  the 
electrode.  When  a  relay-modified  enzyme  is  covalently 
bound  to  an  electrode  surface  in  a  random  fashion,  only 
a  small  fraction  of  the  enzymes  are  properly  oriented, 
and  the  currents  are  small.  Furthermore,  in  the  pres¬ 
ence  of  oxygen,  most  of  the  electrons  are  transferred  to 
it,  to  produce  peroxide,  rather  than  to  the  electrode. 

Our  first  enzyme  electrodes  required  membranes  to 
contain  the  freely  tumbling  enzyme  in  small  volumes 
near  the  electrode  surface.  The  membranes  needed 
pores  small  enough  to  contain  the  diffusing  enzyme,  but 
large  enough  to  allow  in-diffusion  of  substrate  and 
out-diffusion  of  product.  The  membranes  required 
peripheral  seals,  which  increased  the  manufacturing 
complexity  and  cost.  Furthermore,  in  flow  systems  the 
membranes  limited  the  rate  of  substrate  transport  to, 
and  product  transport  from,  the  electrode  surface,  in¬ 
creasing  the  time  constants.  The  need  for  membranes 
and  seds  was  obviated  by  wiring  the  enzyme  with  an 
electron-relaying  redox  polymer,  a  segment  of  which  was 
bound  to  the  electrode.®  Through  such  wiring  the  en¬ 
zyme  was  electrically  connected  to  the  electric,  irre¬ 
spective  of  its  orientation.  The  resulting  enzyme  elec¬ 
trodes  were  then  fast  and  simple  to  make. 

Our  method  of  wiring  enzymes  followed  one  of  na¬ 
ture’s  ways  of  reducing  electron-transfer  distances  be¬ 
tween  redox  centers  of  proteins  and  enzymes.  For 
electron  transfer  between  the  redox  centers  of  cyto¬ 
chrome  c  and  enzymes  such  as  cytochrome  c  peroxidase 
or  cytochrome  c  oxidase,  or  between  the  ferr^oxin  and 
ferredoxin  NADP  reductase,  the  center-to-center  dis¬ 
tances  are  reduced  through  complexing  the  redox  pro¬ 
tein  and  the  redox  enzyme.  The  complexes  are  often 
electrostatic,^*  forming  between  enzymes  with  nega¬ 
tively  charged  zones  and  redox  proteins  with  positively 
charged  zones.^®^ 
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Figures,  (a)  Wiring  of  a  binary  redox  enzyme.  Fast  redox  centers 
(R)  of  a  polycation  that  is  electrostatically  and  covalently  bound 
to  the  enzyme  relay  electrons  to  the  electrode,  on  which  a  segment 
of  the  polycation  is  adsorbed.  Binding  of  the  polycation  to  the 
electrode  can  be  electrostatic  when  the  electrode  has  a  negative 
surface  charge,  (b)  EHectron-transfer  steps  in  the  electrooxidation 
of  glucose  on  a  wired  glucose  oxidase  electrode. 

We  also  “wired"  the  enzymes  through  complexing,  but 
with  synthetic,  rather  than  natural,  redox  macromole¬ 
cules.  The  proteins  of  glucose  oxidase,  as  well  as  those 
of  other  enzymes,  have  at  physiological  pH  a  negative 
surface  charge,  because  of  excess  glutamate  and  as¬ 
partate  over  lysine  and  arginine.  The  polyanionic  en¬ 
zymes  can  be  electrostatic^y  complexed  with  polyca- 
tionic  redox  polymers  of  ~10®  Da,  typically  with 
100-200  redox  centers  and  several  hundred  cationic 
sites.  When  segments  of  the  redox  polymers  fold  along 
the  enzyme  proteins  and  penetrate  these,^  electron 
transfer  from  the  FADH2  center  of  the  enzyme  to  at 
least  one  redox  center  of  the  polymer,  and  via  this 
center  to  the  electrode,  becomes  possible  (Figure  3a). 
The  practicality  of  such  electron  transfer  was  confirmed 
in  our  very  first  (unpublished)  experiment,  where  we 
complexed  glucose  oxidase  with  the  copoljrmer  of  vi- 
nyl-Mmethylpyridinium  chloride  and  vinylferrocene, 
a  water-soluble  redox  polycation.  We  have  preferred, 
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however,  osmium-based  redox  polycations  over  the 
ferrocenes,®  because  they  were  shown  by  Meyer  and 
co-workers  to  be  fast  and  rugged  and  to  have  potentials 
in  the  0.2-0.5-V  (SCE)  range.®®  Upon  complexing 
commercial  50000-Da  poly(vinylpyridine)  with  [Os- 
(2,2'-bipyridine)2Cl]‘'*'/®'*'  and  N-methylating  part  of  the 
uncomplexed  pyridine  residues,  we  obtained  an  effec¬ 
tive  electron-relaying,  stable  polycation.  After  elec¬ 
trostatic  complexing  with  glucose  oxidase,  the  polyca¬ 
tion  mediated  electron  transfer  from  the  substrate-re¬ 
duced  (FADH2)  centers  of  the  enzyme  to  electrodes, 
cycling  as  shown  in  Figure  3b.  Segments  of  the  poly¬ 
cation  were  found  to  adsorb  strongly  on  graphite  elec¬ 
trodes,®^  as  expected  from  the  earlier  work  of  Oyama 
and  Anson.®®  Because  the  redox  polycations  both  bind 
and  electrically  connect  the  enzymes  with  electrodes, 
the  enzyme-electrodes  were  made  simply  by  dipping 
abraded,  cleaned  graphite  rods  into  an  aqueous  solution 
of  the  redox  polymer,  rinsing,  dipping  into  the  enzyme 
solution,  and  rinsing  again.®^  The  current  densities  were 
proportional  to  the  concentration  of  glucose  over  a 
broad  range,  leveling  off  at  30  pA  cm"*  at  high  (30  mM) 
glucose  concentration.  The  electrodes  were  kept  in  dry 
air,  with  little  or  no  change,  for  2  days.  Their  current 
response  was,  as  expected,  rapid:  They  responded  as 
fast  as  the  fluid  changed  in  the  proximity  of  electrodes 
in  flow  systems.  In  such  systems,  the  current  rise  times 
were  as  short  as  0.25  s. 

My  late  teacher  of  thermodynamics  at  the  Hebrew 
University,  Aharon  Katchalsky-Katzir,  and  his  co¬ 
workers,®®’®’  followed  by  more  recent  workers,®®-®®  have 
shown  that  the  structure  of  a  dissolved  polyelectrolyte 
strongly  depends  on  ionic  strength.  At  low  ionic 
strength,  electrostatic  repulsion  between  similar  charges 
on  a  chain  tend  to  straighten  it  out,  even  though  sta¬ 
tistically  or  entropically  Ae  straight-chain  configuration 
is  unlikely.  At  high  ionic  strength,  the  charges  are 
screened  by  counterions  and  the  macromolecules  as¬ 
sume  entropically  more  probable  coiled  configurations. 
When  the  redox  polymers  are  coiled,  they  do  not  ade¬ 
quately  penetrate  crevices  in  enzymes  and  the  elec¬ 
tron-transfer  distances  are  not  sufficiently  reduced  for 
electron  transfer.  Thus,  above  0.5  M  NaCl  concentra¬ 
tion,  the  flow  of  current  from  the  substrate-reduced 
enzyme  to  the  electrode  stops,  even  though  the  enzyme 
is  still  substantially  active  and  continues  to  transfer 
electrons  to  small  diffusing  mediators  in  the  solution.®^ 
Nevertheless,  even  at  0.5  M  NaCl,  the  electrostatic  re¬ 
dox  polycation-enzyme  complex  does  not  dissociate, 
and  when  an  electrode  is  moved  from  a  glucose  solution 
with  0.5  M  NaCl  to  one  with  0.15  M  NaCl,  the  current 
flows  again. 

Because  the  variation  in  current  with  ionic  strength 
limits  the  usefulness  of  enzyme  electrodes  to  biosensor 
applications  at  fixed  ionic  strength,  we  added  covalent 
links  to  the  electrostatic  complex  in  order  to  keep  the 
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enzyme  properly  wired  at  high  ionic  strength.  Initially 
we  did  so  by  copolymerizing,  at  a  20:1  ratio,  vinyl- 
pyridine  with  4-aminostyrene,  forming  the  [Os- 
{bpy)2Cl]^‘*’/^  complex  with  about  one  in  six  pyridine 
rings,  N-methylating  part  of  the  residual  rings,  diazo- 
tizing  the  aminostyrene  functions,  and  reacting  these, 
at  low  ionic  strength,  with  tyrosine  functions  of  glucose 
oxidase,  to  form  azo  bonds.®  Because  there  are  few 
tyrosines  in  glucose  oxidase,  the  structure  was  essen¬ 
tially  two  dimensional.  Three-dimensional  wired- 
enzyme  structures,  based  on  cross-linking  the  redox 
polymer  chains  and  binding  these  to  glucose  oxidase 
lysine  amines,  were  subsequently  designed  and  syn¬ 
thesized.™  An  example  of  a  polymerization  reaction™ 
is  shown  in  eq  6.  In  the  resulting  network,  one  pyridine 


HjN- enzyme  — ^ 


OH 

0^0 


(6) 


HN-enzyme 


ring  in  about  five  carries  an  [Os(bpy)2Cl]^'^/^‘^  center. 

At  a  sufficiently  high  redox  polymer  to  enzyme  ratio, 
the  wired-enzyme  films,  of  ~  1-ftm  thickness,  can  still 
be  sufficiently  conductive  to  allow  remote  enzyme 
molecules  to  communicate  electrically,  via  the  three- 
dimensional  redox  network,  with  the  electrode.  We 
reached  in  these  “thick"  films  glucose-dependent  cur¬ 
rent  densities  as  high  as  ~0.5  mA  cm"^,  showing  that 
at  least  10  equivalent  enzyme  layers  communicated 
electrically  with  the  electrode  (Figure  4).™  The  ob¬ 
served  electrical  communication  through  these  films  is 
consistent  with  the  electrical  properties  of  the  pure 
redox  polymer.^^ 


Amperometric  Biosensors  Based  on  Wired 
Enzymes 

Amperometric  biosensors  transduce  the  diffusion- 
controlled  flux  of  a  substrate  to  an  enzyme  electrode 
into  an  electrical  current.  Such  transducers  originated 
in  the  work  of  Clark  and  Lyons.’®  Updike  and  Hicks 
subsequently  measured  amperometrically  hydrogen 
peroxide  formation  through  reaction  3.’^  Substantially 
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Potential,  volts  vs.  SCE 

Figure  4.  Cyclic  voltammogram,  showing  a  400  pA  cm“^  glucose 
diffusion  limited  current  density  reached  at  40  mM  glucose 
concentration  with  the  wired-enzyme  network  of  eq  6.  The  scan 
rate  is  5  mV/s. 

advanced  ex  vivo  electrodes  of  these  types  are  now  in 
use,  and  in  vivo  electrodes  are  under  development.’® 
Amperometric  enzyme  electrodes  based  on  diffusing 
redox  mediators,  including  dyes  (e.g.,  methylene  blue),’® 
ferrocene  derivatives,’’  components  of  conducting  or¬ 
ganic  metals,’®-’®  and  quinones,®®  have  been  subject  to 
intensive  research.  Recently,  electrodes  based  on  con¬ 
ducting  polypyrroles  with  ferrocenes  also  have  been 
reported.®’  Electrodes  based  on  ferrocene  derivatives™ 
are  in  commercial  production  and  are  used  in  diverse 
applications  such  as  monitoring  glucose  levels  in  dia¬ 
betics  and  food  and  beverage  processing. 

Amperometric  enzyme  electrodes  can  also  be  built 
with  relay-modified  and  redox-polymer-wired  enzymes. 
The  relevant  issues  are  manufac^^urability  and  cost; 
response  time;  reproducibility:  selectivity;  insensitivity 
to  partial  pressure  of  oxygen;  detectivity  (ratio  of  signd 
to  noise  (S/N));  output  current  stability  ex  vivo;  output 
current  stability  in  vivo;  and  biocompatibility. 

The  membraneless  glucose  electrodes  based  on 
three-dimensional  wired  structures  that  we  are  now 
building  are  manufacturable  at  low  cost.  They  respond 
to  a  change  in  glucose  concentration  in  less  than  1  s. 


(75)  See,  for  example:  (a)  Bartlett,  P.  N.;  Whitaker,  R.  G.  Biosensors 
1987/8,  3,  359.  (b)  Scheller,  F.;  Kirstein,  D,;  Kirstein,  L.;  Schubert,  F.; 
Wollenberger,  U.;  Olseon,  B.;  Gorton,  L.;  Jolumsson,  G.  Philos.  Trans.  R. 
Soc.  London  i987,  B316,  85.  (c)  Chemical  Sensor  Technology,  Seiyama, 
T.,  Ed.;  Kodansha  Ltd.  (Tokyo)  and  Elsevier  (Amsterdam),  copublishers: 
1988;  Vol.  1,  pp  195-236.  (d)  McKean,  B.  D.;  Gough,  D,  IEEE  Trans. 
Biomed.  Eng.  1988,  35,  526.  (e)  Clark,  L.  C.  ASAIOJ.  1987,  10,  837. 

(76)  Silverman,  H.  P.;  Brake,  J.  M.  U.S.  Patent  3,506,544,  1970. 

(77)  Cass,  A.  E.  G.;  Davis,  G.;  Francis,  G.  D.;  Hill,  H.  A.  0.;  Aston,  W. 
J.;  Higgins,  I.  J.;  Plotkin,  E.  V.;  Scott,  L.  D.  L.;  Turner,  A.  P.  F.  Anal. 
Chem.  1984,  56,  667. 

(78)  Kulys,  J.  J.  Biosensors  1986,  2,  3. 

(79)  Albery,  W.  J.;  Bartlett,  P.  N.;  Cass,  A.  E.  G.  Philos.  Trans.  R.  Soc. 
London  1987,  B316.  107. 

(80)  Ikeda,  T.;  Hamada,  H.;  Miki,  K.;  Senda,  M.  Agric.  Biol.  Chem. 
1985,  49,  541. 

(81)  Hale,  P.  D.;  Inagaki,  T.;  Karan,  H.  I.;  Okamoto,  Y.;  Skotheim,  T. 
A.  j.  Am.  Chem.  Soc.  1989,  111,  3482. 

(82)  See,  for  example:  Home,  P.  D.;  Alberti,  K.  G.  M.  M.  Biosensors 
in  Medicine:  The  Clinician's  Requirements.  McCann,  J.  Exploting 
Biosensors.  In  Biosensors:  Fundamentals  and  Applications:  Turner,  A. 
P.  F.,  Karube,  I.,  Wilson,  G.  S.,  Eds.;  Oxford  Univ.  Press:  Oxford,  1987; 
pp  723-746. 


134 


Their  repi  '  ducibility  depends  on  control  of  (a)  the 
specific  activity  of  the  enzyme  that  is  being  wired;  (b) 
the  ratio  of  the  wiring  polymer  to  the  enzyme;  and  (c) 
the  thickness  of  the  wired-enzyme  film.  Their  selec¬ 
tivity  depends  on  the  redox  potential  of  the  electron 
relaying  centers.  The  closer  this  potential  is  to  the 
redox  potential  of  the  enzyme  itself,  the  lesser  the 
likelihood  that  a  potentially  interfering  substrate  will 
be  spuriously  oxidized.  Fluctuations  in  current  with 
partial  pressure  of  oxygen,  e.g.,  oxygen  concentration 
in  blood,  depend  on  the  ratio  of  the  rate  of  direct 
electrooxidation  of  the  FADH2  centers  to  their  rate  of 
oxidation  by  molecular  oxygen,  and  therefore  on  the 
rate  of  electron  transfer  to,  and  the  electrical  resistance 
of,  the  three-dimensional  wired-enzsrme  structure.  At 
high  osmium-complex  concentrations,  and  in  suffi¬ 
ciently  thin  layers,  the  competition  is  won  by  electron 
transfer  to  the  electrode  via  the  osmium  centers,  and 
the  electrodes  are  relatively  insensitive  to  oxygen.  The 
signal  to  noise  ratio  S/N  is,  in  the  absence  of  interfering 
substrates,  proportional  to  the  number  of  enzyme 
molecules  that  are  effectively  wired  to  the  electrode 
surface  per  unit  area.  At  a  film  thickness  of  ~  1  nm, 
and  at  typical  blood  glucose  concentrations  ( ~  10"^  M), 
a  current  density  of  ~  10'^  A  cm'^  is  achieved.  With 
a  low  noise  potentiostat  and  only  unshielded  lea  is  to 


the  biosensor,  the  noise  is  less  than  10'^  A  cm  ^  i.e.,  S/N 
is  on  the  order  of  10^. 

The  output  current  stability  depends  on  enzyme 
durability  and  on  avoiding  fouling  of  the  electrodes, 
primarily  by  adsorbed  proteins.  Typical  decay  rates  at 
25  “C  in  the  absence  of  proteins  are  ~5%  /day,  but  are 
much  faster  in  whole  blood.  By  designing  redox  poly¬ 
mers  that  form  hydrogels,  we  are  now  improving  the 
stability  of  the  bioelectrodes.  We  are  designing  relays 
that  are  closer  in  their  potential  to  those  of  the  enzymes, 
with  the  objective  of  further  reducing  the  residual  in¬ 
terference  by  electrooxidizable  species  such  as  urate  and 
ascorbate  ions.  We  are  also  exploring  the  range  of  en¬ 
zymes  that  can  be  electrically  wired  and  are  building 
sensors  with  these.  Currently  our  list  includes,  in  ad¬ 
dition  to  glucose  oxidase,  the  flavo  enzymes  D-amino 
acid  oxidase,  lactate  oxidase,  and  glycerol-3-phosphate 
oxidase,  as  well  as  lipoamide  oxidase,  through  which 
NAD''‘/NADH  requiring  enzymes  are  coupled  to  the 
electrodes. 
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Redox  polymers  can  fold  along  the  glycoproteins  of  glucose  oxidase  (MW  I60,(XX))  at  low  electrolyte 
concentrations  and  thereby  penetrate  the  enzyme.  Upon  penetration,  the  distance  between  the  redox 
centers  of  the  polymer  and  the  FADH.  centers  of  the  reduced  enzyme  is  reduced  sufficiently  for  electrons 
to  be  transferred  and,  therefore,  for  the  mediated  electro-oxidation  of  glucose  on  conventional  elec- 
'rodes.  At  high  ( IM)  electrolyte  (NaCi)  concentrations  the  redox  polymers  coil.  Such  coiling  prevents 
the  penetration  of  the  enzyme  by  the  redox  polymers.  Consequently,  electron  transfer  does  not  take 
place  and  glucose  is  not  electro-oxidized.  When  an  appropriate  polycationic  redox  polymer  is  covalently 
bound  to  the  enzyme,  the  electro-oxidation  of  glucose  occurs  even  at  high  electrolyte  concentrations. 
Electron  transfer  from  the  enzyme's  FADH:  centers  to  copolymers  of  poly(  N-methyl-4-vinylpyridinium) 
chloride  with  either  poly(vinylfcrroccnc),  E"  =  0.25V  (SCE).  or  with  poly(4-vinylpyridine)  complexes 
of  Os(bpy):Cl.  E"  =  ().25V  (SCE).  or  of  Os(4,4'-dimethylbpy):CI.  E"  =  t).l5V  (SCE)  is  rapid.  The 
polycationic  poly(4-vinyipyridine)  complex  of  Os(bpy):CI  can  be  covalently  bound  to  glucose  oxidase 
by  prepanng  the  terpolymer  with  4-aminostyrcnc.  diazotization  and  reaction  of  the  diazonium  cations 
with  tyrosine  or  tryptophane  residues  of  the  enzyme.  Glucose  electrodes  made  with  the  redox  polymer 
modified  enzyme  are  relatively  stable  and  sensitive.  Furthermore,  simple  and  fast  amperometric  glucose 
electrodes  can  be  made  by  adsorbing  cither  non-quaternized  or  quaternized  poly(vinylpyridinc)  com¬ 
plexes  of  (Os(bipyridine):Cl|’ '  (MW  3()0.0()0)  on  graphite,  and  adsorbing  on  these  polymer  films  glucose 
oxidase.  These  electrodes  do  not  require  diffusing  redox  mediators  or  membranes  to  contain  the  enzyme 
and  the  redox  polymer.  The  redox  polymer  is  shown  to  electrically  "wire"  the  enzyme’s  redox  centers 
to  the  electrode.  The  glucose  response  of  the  electrodes  is  faster  than  1  sec;  their  current  increases 
linearly  with  glucose  concentration  through  the  U-IU  mM  range.  At  6U  mM  glucose,  their  current 
density  is  about  20  q.A/cm''. 


INTRODUCTION 

Amperometric  biosensors  based  on  enzymes  bound  to  electrode  surfaces  have  been 
the  target  of  substantial  research.'  Oyama  and  Anson,*  who  investigated  a  decade 
ago  poly(4-vinylpyridine)  (PVP)  coated  electrodes,  found  that  films  of  these  poly- 
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mers  are  strongly  adsorbed  on  pyrolytic  graphite  and  form  long-lived,  reproducible 
electrodes  with  redox  couples.  The  polymer  films  were  made  by  dipping  graphite 
electrodes  into  methanol  solutions  of  the  polymers  and  rinsing.  They  have  also 
prepared  and  studied  electrodes  with  the  N-methylated  polycations  of  PVP  (NMPVP) 
made  by  reacting  the  polymer  with  methyl  iodide.  Meyer.  Murray  and  their  colleagues  ' 
made  PVP  and  other  polypyridinc  coated  metal  electrodes  by  in  situ  electropoly¬ 
merization  of  the  monomer  and  by  plasma  polymerization.  Electroactive  anions  of 
fast  redox  kinetics  were  found  to  be  rapidly  reduced  and  oxidized  in  these  films, 
as  were  cations  complexed  to  PVP.  The  electrochemistry  observed  was  consistent 
with  the  physisorption  of  segments  of  the  macromolecules  on  graphite.  The  non- 
adsorbed  segments  provided  a  three-dimensional  network  into  and  out  of  which 
ions  diffused.  Thus,  complexes  of  PVP  and  poly(vinylbipyridine)  with  ruthenium, 
iron,  osmium  and  cobalt  complexes  showed  persistent,  reproducible  and  often  fast 
electrochemistries. 

In  parallel  with  these  studies,  the  electrochemistry  of  small  redox  proteins  (such 
as  cytochrome  c,  myoglobin,  ferredoxin  and  phycocyanin)  has  been  studied  by 
Kuwana,  Hill,  Hawkridge,  Blount.  Bowden.  Arm.strong  and  their  colleagues.'* 
Although  the  small  proteins  were  directly  electrooxidizcd/reduccd  on  metal  and 
doped  semiconductor  electrodes,  the  rates  of  the  electrode  reactions  could  often 
be  enhanced  by  "promoters”  adsorbed  on  the  electrode  surface.  These  promoters, 
although  electrochemicaily  inert,  bind  and  orient  the  redox  proteins.  Prominent 
among  these  promoters  are  compounds  of  pyridine,  such  as  bipyridinc.  methyl 
viologen  and  bis(4*pyridinethioi).  Oxidoreductases.  having  molecular  weights  higher 
by  an  order  of  magnitude  than  redox  proteins  were  usually  not  directly  clectroox- 
idized  or  reduced  even  in  the  presence  of  promoters.  Their  lack  of  direct  electro¬ 
chemistry  has  been  attributed  to  the  thick  protein  or  glycoprotein  shells  that  sur¬ 
round  their  redox  centers.  Nevertheless,  for  one  enzyme  (cytochrome  c  peroxidase) 
direct  electrochemistry  on  doped  SnOj.  has  been  reported  by  Assefa  and  Bowden.' 

In  earlier  work.  Degani  and  Heller,  as  well  as  Bartlett  a  al.,''  covalently  bound 
electron  relays  to  oxidoreductases  and  showed  that  the  relay  modified  enzymes 
communicate  directly  with  gold  and  carbon  electrodes.  Furthermore,  direct  elec¬ 
trical  communication  between  glucose  oxidase  and  graphite  electrodes  has  been 
established  also  through  electrostatic  complexing  and  through  covalent  bonding  of 
Os(bpy)2Cl  complexes  of  N-methylated  PVP  (bpy  =  bipyridinc)  to  this  enzyme.^ 
Recently,  we  reported  that  the  polycationic  Os(bpy)2CI-PVP  complexes,  whether 
N-methylated  or  not,  are  strongly  adsorbed  on  graphite,  and  that  the  resulting 
polymer-modified  electrodes  strongly  interact  with  glucose  oxidase,  an  oxidore- 
ductase  that  is  polyanionic  at  neutral  pH.**  In  the  macromolecular  complex  formed 
between  the  redox  polymer  and  enzyme,  electrons  are  transferred  from  the  FADH2 
centers  of  the  erzyme,  via  the  redox  polymer,  to  the  graphite  electrode.  Such 
transfer  provides  for  glucose  electrodes  that  are  easy  to  make.  The  electrodes  are 
made  simply  by  dipping  graphite  rods  into  the  redox  polymer  solution  and  rinsing, 
followed  by  dipping  into  the  enzyme  solution  and  rinsing.  Glucose  electrodes  made 
by  this  technique,  in  contrast  with  previous  ones,  require  neither  membranes  to 
contain  the  enzyme  in  the  proximity  of  the  conductor  nor  diffusing  mediators  to 
shuttle  electrons.  Their  response  times  are  fast,  because  the  reactant  and  product 
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do  not  have  to  diffuse  through  a  membrane  and  because  the  active  layer  on  the 
graphite  surface  ts  thin. 

This  paper  charts  a  path  to  the  simultaneous  maintenance  t)f  stability  and  achieve¬ 
ment  of  high  currents  in  relay  modified  enzymes.  We  find  that  bonding  (covalent 
or  electrostatic)  of  high  molecular  weight  polycationic  redox  polymers  to  negatively 
charged  glucose  oxidase  results  in  the  establishment  of  direct  electrical  commu¬ 
nication  between  the  redox  centers  of  the  enzyme  and  carbon  or  gold  electrodes. 
The  degree  of  modification  of  the  enzyme  that  is  needed  in  order  to  establish 
effective  electrical  communication  is  reduced  when  a  redox  polymer  rather  than  a 
group  of  redox  monomers  is  bound  to  the  enzyme.  With  a  polymer,  either  elec¬ 
trostatic  bonding  or  covalent  bonding  of  the  polymer  and  the  enzyme  is  sufficient 
for  the  establishment  of  electrical  communication.  The  electron  path  now  consists 
of  an  array  of  redox  centers.  To  improve  the  intrinsic  stability  of  the  redox  centers, 
the  earlier  used  ferrocencs  and  ruthenium  amines  were  replaced  with  rugged  com¬ 
plexes  of  osmium.  Reduced  gluco.se  oxida.se  transfers  electrons  at  a  high  rate  to 
the  Os  complexes. 


EXPERIMENTAL 

Chemicals 

Glucose  oxidase  (E.C.  1. 1.3.4)  type  X.  catalase  (E.C.  1.11.1.6),  bovine  serum 
albumin  (fraction  5)  and  NaHEPES  were  purchased  from  Sigma.  The  enzymes 
were  used  without  further  purification.  Os{bpy);CU  (bpy  =  2, 2 '-bipyridine)  was 
prepared  from  K^OsCL  (Aldrich)  following  a  reported  procedure.'*  4-aminostyrcne 
and  poly-(4-vinyl  pyridine)  were  purchased  from  Polyscienccs.  Azobisisobutryro- 
nitrile  (AIBN),  4-vinylfcrrocenc.  acrylamide,  acrylic  acid.  N-vinyl-2-pyrrolidonc, 
glutaraldehydc.  and  4-vinylpyridinc  were  purchased  from  Aldrich.  Graphite  (HB 
pencil  leads  0.5  or  0.9  mm  diameter,  and  pyrolytic  graphite  3mm,  4mm  and  6mm 
diameter)  and  gold  wire  (0.5mm  diameter)  were  used  as  electrodes.  Cellulose 
membranes  (Spectra/por  6,  3500  MW  cutoff)  were  purchased  from  Spectrum.  Los 
Angeles. 

Abbreviations  for  the  Redox  Polymers 

The  abbreviations  used  are  listed  in  Scheme  1 . 


SYNTHESIS  OF  REDOX  POLYMERS 

Copolymer  of  vinylferrocene  and  acrylamide:  Acrylamide  (3.1g)  and  vinylfer- 
rocene  (0.5g)  were  dissolved  in  50  mL  THF.  After  degassing  with  for  5  min. 
35  mg  AIBN  was  added.  While  under  N,  the  solution  was  stirred  in  a  50‘’C  water 
bath  for  4  h.  The  solid  product  was  filtered,  washed  3  times  with  THF  and  dried 
in  vacuo  at  ambient  temperature. 
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SCHEME  1 
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Copolymer  of  vinylferrocene  and  acrylic  acid:  Acrylic  acid  (5g)  and  vinylfcr- 
rocene  (Ig)  were  dissolved  in  50  mL  of  benzene.  After  degassing  with  N;  for  5 
min,  40  mg  AIBN  was  added.  The  solution  was  then  refluxed  for  2  h  and  the  oily 
red  precipitate  was  separated  by  filtration,  washed  twice  with  ether,  and  dried  in 
vacuo  at  ambient  temperature. 

Copolymer  of  vinylferrocene  and  4-vinyl-N-methyl  pyrdinium  chloride:  Vinyl- 
ferrocene  (0.5g)  and  vinylpyridine  (8g)  were  codissolved  in  30  mL  of  benzene. 
After  degassing  with  Nj  for  5  min.  30  mg  AIBN  were  added  and  the  solution 
refluxed  for  1  h.  The  viscous  orange  precipitate  was  separated  by  decanting  the 
supernatant  solution,  washed  twice  with  benzene,  dissolved  in  30  mL  DMF  at 
120®C.  then  methylated  with  2  mL  methyl  iodide  at  reflux.  When  the  methyl  iodide 
was  added,  a  vigorous  reaction  took  place,  resulting  in  the  formation  of  a  yellow 
solid  precipitate.  This  precipitate  was  filtered,  washed  twice  with  DMF.  twice  with 
acetone,  and  dried  in  vacuo.  The  yellow  powder  was  then  dissolved  in  5  mL  of 
water  and  the  I~  ions  exchanged  with  Cl'  on  a  15  cm  long,  2  cm  diameter  Biorad 
AG2-X4  column,  using  deionized  water  as  eluent.  The  solution  of  the  chloride  was 
used  as  such. 

Quartenized  and  nonquartenized  POs'^NH^.  4-aminostyrene  (Ig),  4-vinylpyr- 
idine  (9.3g)  and  200  mg  AIBN  were  refluxed  in  20  ml  of  methanol  for  4  hrs  under 
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Nt.  After  the  solution  was  cooled  to  ambient  temperature,  toluene  was  added  to 
precipitate  the  copolymer.  The  yellowish  copolymer  was  filtered,  washed  twice 
with  100  ml  of  toluene  and  dried  in  vacuo  to  yield  lOg  of  poly(4-vinylpyridine-co- 
4-aminostyrene).  Os(bpy)2CK  (Ig)  and  poly(4-vinylpyridine-co-4-aminostyrenc)  (Ig) 
were  dissolved  in  25  ml  of  ethylene  glycol  and  heated  to  reflux  (I90°C)  for  15 
minutes.  After  cooling  to  150“C.  25  ml  of  DMF  was  added,  followed  by  5  ml  of 
methyl  iodide.  The  solution  was  allowed  to  reflux  for  30  minutes,  cooled  to  room 
temperature,  where  50  ml  of  toluene  was  added  to  precipitate  the  viscous  terpo- 
lymer.  After  the  supernatant  solution  was  decanted,  the  polymer  was  dissolved  in 
30  ml  of  water  and  stirred  for  5  minutes  with  5g  of  Biorad  AG2-X4  anion  exchange 
resin  in  the  chloride  form.  The  solution  was  filtered  and  the  solvent  evaporated. 
The  residual  paste  was  dissolved  in  20  ml  of  ethanol  and  the  solution  poured  into 
250  ml  of  acetone.  The  hygroscopic  black  pow^dery  precipitate  was  filtered  and 
dried  in  vacuo  at  ambient  temperature. 

Synthesis  of  POs  :  The  procedure  employed  to  prepare  this  material  was  iden¬ 
tical  to  that  for  POs*^NH2.  except  that  poly(4-vinylpyridine)  MW  =  50.0(X)  was 
used. 

Synthesis  of  P(4,4’-dimethylhpy)Os  ’  .•  This  synthesis  was  similar  to  that  of  POs ' , 
except  that  Os(bpy)2Cl2  was  replaced  by  Os(4.4'-dimethylbpy)2Cl2. 

Bonding  of  POs  *■  NH^  to  glucose  oxidase:  POs  *  NH2  (0. 1  g)  was  dissolved  in  2 
mL  of  0.5M  HCl.  Concurrently,  glucose  oxidase  (O.lg)  was  dissolved  in  a  solution 
of  0.2g  NaHCO.T  and  0.2g  of  Na2C03  in  2  mL  of  water.  After  both  solutions  were 
chilled  to  5'’C  in  an  ice  bath,  a  solution  of  30  mg  NaN02  in  lOpL  of  water  was 
added  to  the  vigorously  stirred  POs*NH2  solution  and  was  held  for  10  s.  The 
glucose  oxidase  solution  was  then  added  dropwise.  removed  from  the  ice  bath,  and 
after  10  min,  the  POs*N  =  N  -  GO  was  separated  from  the  reaction  mixture  by 
cation  exchange  chromatography  on  a  Sephadex  C-25  column,  using  NaCI  gradient 
elution.  Spectroscopic  analysis  shows  that  the  ratio  (4-vinylpyridine  plus  N-methyl- 
4-vinylpyridinium)/Os  in  the  polymer  is  6.5  ±  1. 

Electrochemical  Cells,  Instrumentation  and  Measurements 

These  were  similar  to  those  described  in  earlier  parts  of  the  series.  A  Pine  Instru¬ 
ments  AFMSRX  Rotator  and  MSRX  Sjjeed  Control  were  used  for  the  rotating 
disk  electrode  (RDE)  experiments.  A  schematic  of  the  flow  cell  used  in  the  time 
response  experiments  is  shown  in  Figure  1 .  All  potentials  quoted  arc  relative  to 
saturated  calomel  electrode  (SCE)  unless  otherwise  noted. 

Preparation  of  Membrane  Electrodes 

The  electrode  structure  is  shown  in  Figure  2.  A  heat-shrinkable  polypropylene 
sleeve  was  first  shrunk  on  a  6mm  diameter  graphite  electrode.  The  electrode's  tip 
was  then  polished  with  lp.m  alumina,  sonicated  in  D.I.  water  for  1  min  and  blown 
dry  in  a  stream  of  N2.  A  drop  of  the  solution  of  either  the  enzyme  with  the  covalently 
bound  redox  polymer,  or  of  the  solution  of  the  enzyme  with  the  mobile  mediating 
redox  polymer,  was  placed  on  the  polished  and  cleaned  tip.  The  v  membrane. 
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FIGURE  I  Schematic  of  flow  cell. 

pre-soaked  in  O.l  M  phosphate  (pH  7)  for  5  min.  was  placed  on  the  enzyme- 
solution  wetted  tip  and  held  in  place  by  an  O-ring. 

Immobilization  of  Redox  Polymer  Modified  Glucose  Oxidase,  or  Natural  Glucose 
Oxidase  and  Redox  Polymer,  Near  the  Electrode  Surface 

Two  solutions  were  used  in  preparing  each  electrode.  One  contained  5%  glutar- 
aldehyde  in  water.  The  second  contained  either  the  modified  enzyme  (50mg/mL) 
and  bovine  serum  albumin  (BSA)  (lOOmg/mL),  or  the  natural  enzyme  (5()mg/mL). 
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the  redox  polymer  (25-50  mg/mL),  and  BSA  (100  mg/mL).  In  the  latter  group, 
the  natural  enzyme  and/or  the  BSA  was  precipitated  by  some  of  the  polycationic 
redox  polymers.  When  this  was  the  case,  enough  NaCI  was  added  to  redissolve 
the  precipitate.  Typically,  10  |i.L  of  the  first  solution  were  rapidly  mixed  with  20 
p.L  of  the  second,  promptly  placed  on  the  polished  and  cleaned  graphite  electrode 
tip  (see  above)  and  allowed  to  cure  at  ambient  temperature  over  a  water  bath, 
that  prevented  drying. 

Preparation  of  Surface-Adsorbed  Redox  Polymer  Electrodes 

The  electrode  structure  is  shown  in  Figure  3.  A  heat-shrinkable  polypropylene 
sleeve  was  first  shrunk  on  a  0.5  or  0.9  mm  diameter  graphite  or  gold  electrode. 
The  electrode  tip  was  then  polished  with  0.3  p.m  alumina,  sonicated  in  D.I.  water 
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FIGURE  3  Structure  of  the  surface-adsorbed  redox  polymer  electrode. 
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for  20  seconds  and  blown  dry  with  a  stream  of  N,.  A  drop  (4  p.L)  of  quaternized 
for  nonquaternized  POs'NHj  solution  (2.6  mg/mL  solvent)  was  applied  to  the 
electrode  tip,  allowed  to  stand  for  4  minutes  and  then  washed  off  with  D.I.  water 
in  the  case  of  the  quaternized  polymer  or  with  ethanol  in  the  case  of  the  nonqua¬ 
ternized  polymer.  Different  levels  of  quaternization  were  produced  by  exposing 
the  nonquaternized  surface  adsorbed  polymer  to  methyl  iodide  vapor  at  ambient 
temperature  for  time  periods  of  up  to  35  minutes,  then  exchanging  the  iodide  with 
chloride  through  repeated  washings  in  I  M  NaCl.  Electrodes  for  the  RDE  exper¬ 
iments  were  polished  and  modified  with  redox  polymer  in  a  similar  manner. 


RESULTS 

Effect  of  the  Copolymer's  Charge  on  the  Electron  Transfer  Kinetics 

Copolymers  of  vinylfcrrocene  and  anionic,  neutral  and  cationic  monomers  were 
investigated  by  cyclic  voltammetry  as  oxidants  for  reduced  glucose  oxidase  (Tabic 
I).  The  experiments  were  carried  out  with  glassy  carbon  electrodes  (without  mem¬ 
branes  or  enzyme  immobilization)  in  quiescent  solutions  under  N2.  At  the  scan 
rate  employed  (1  mV/s)  all  of  the  redox  polymers  showed  diffusion  controlled  and 
reversible  one-electron  transfer  voltammograms  (Figure  4.  curve  a).  In  the  absence 
of  a  redox  polymer,  or  of  an  electron  relay  bound  to  the  enzyme,  glucose  oxidase 
did  not  exhibit  any  observable  electrochemistry.  One  observes,  however,  when 
both  a  redox  polymer  and  glucose  oxidase  are  present,  the  electrochemical  oxi¬ 
dation  of  the  reduced  enzyme.  The  reaction  sequence  in  this  case  is: 

glucose oxidase-FAD  -i-  glucose— » glucose  oxidasc-FADH-  +  gluconolactonc  (1) 

glucose  oxidase-FADHj  +  RP"—*  glucose  oxidase-FAD  +  RP"-->*  (2) 

Rp(n-2)*_Rpn*  +  2e-  (3) 

In  reaction  2  two  ferrocinium  centers  of  the  redox  polymer  (RP)  transfer  electrons 
to  the  reduced  enzyme  in  apparently  .single  electron  transfer  steps  (Figure  4,  curve 
b). 


TABLE  I 


Co-monomer/vinylferrocene  ratios  for  the  anionic,  neutral  and  cationic  co-polymers  of 
polyvinylfcrrocinium  chloride 


Copolymer  of  polyvinylferrocene 

Co-monomcr/vinylfcrroccnc  ratio 

sodium  polyacrylate 

32 

polyacrylamide 

300 

poly-N-vinylpyrrolidone 

62 

poly-N-methyi-4-pyridinium  chloride 

200 
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FIGLfRE  4  Cyclic  voltammograms  obtained  with  a  solution  containing  glucose  oxidase  and 
polylvmylfcrrctcene-co-N-methylpyndiniuin  chloride)  withou)  glucose  (curve  a)  and  with  30mM  glucose 
(curve  b).  3inm  diameter  glassy  carbon  disk  electrode:  scan:  rate  ImV/s. 


Containability  of  the  Water-Soluble  Redox  Polymers  in  Membranes 

Nonpolymeric  redox  couples,  including  ferrocene  derivatives,  diffuse  readily  through 
cellulosic  membranes  such  as  Spectra/por  6.  Their  transport  is  readily  observed, 
for  example,  by  increase  in  absorption  at  wavelengths  characteristic  of  the  redox 
mediator  in  the  electrolyte  outside  the  membrane-enclosed  compartments.  Their 
diffusion  is  somewhat,  but  never  fully  retarded  when  the  membrane  and  the  non¬ 
polymeric  mediator  are  both  anionic  or  cationic.  Thus,  the  diffusion  of  ferrocene 
carboxylate  is  slowed  by  cellulosic  membranes  with  sulfonate  groups.  The  water- 
soluble  polymeric  redox  couples  are.  in  contrast,  easy  to  contain.  No  transport  of 
the  ferrocene-containing  redox  polymers  through  the  standard  membranes  em¬ 
ployed  was  detected  by  absorption  .spcctro.scopy. 

Electron  Transfer  from  Reduced  Glucose  Oxidase  to  POs^ 

Complexes  of  osmium,  including  [Os(bpy)2(py)Cl)-'^'’*  (where  bpy  is  2.2'-bipyr- 
idine  or  one  of  its  derivatives  and  py  is  pyridine  or  one  of  its  derivatives)  are 
exceptionally  effective  mediators  in  the  electro-oxidation  of  reduced  glucose  oxi¬ 
dase.  Complexing  of  the  Os(bpy)2  with  high  molecular  weight  poly(vinylpyridine) 
makes  this  mediator  membrane  containable.  The  complex  formed  with  poly- 
(vinylpyridine),  that  is  partially  methylated  to  form  the  water  soluble  N-methyl- 
pyridinium  polymer  POs  .  is  an  effective  acceptor  of  electrons  from  glucose  oxi¬ 
dase.  Figure  5,  curve  a  shows  that  voltammogram  of  POs*^  in  0.15M  NaCl  with 
0.1  M  phosphate  buffer.  The  separation  between  the  reduction  and  the  oxidation 
peaks  is  about  20  mV,  indicating  that  the  polymer  is  strongly  adsorbed  on  the 
graphite  electrode.  When  glucose  oxidase  (10p.M)  and  glucose  (50mM)  are  added, 
enhanced  electro-oxidation  of  the  enzyme-reduced  POs  *  is  observed  (Figure  5. 
curve  b).  Addition  of  0.5M  NaCl,  i.e.  increase  of  the  NaCl  concentration  from 
0.15M  to  0.65M  stops  the  reduction  of  POs*  by  glucose  oxidase  (Figure  5.  curve 
c).  No  glucose  concentration  dependent  current  is  seen  and  the  only  electrochem¬ 
istry  observed  is  that  of  strongly  adsorbed  POs  * . 
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FIGURE  5  Cyclic  voltummograms  obiaincd  with  a  (I.  IM  pli  7  phosphate  hulfcr  solution  ol  glucose 
oxiJasc  iinti  PCis '  without  glucose  and  with  t).  I5M  NaC'l  (curve  a):  with  511  mM  glucose  and  it.  15M 
Nad  (curve  b);  and  with  5(lmM  glucose  and  0.b5M  NaC'l  (curve  c).  3inm  diameter  glassy  carbon  disk 
electrtKle;  scan  rate  I  mV/s. 


Electron  Transfer  to  P(4,4'*0imethyibpy)0s* 

The  electrochemistry  of  this  redox  polymer  differs  from  that  of  POs '  in  two  ways. 
In  the  absence  of  glucose  oxidase  ancl  glucose  (Figure  6.  curve  a)  the  separation 
of  the  reduction  and  oxidation  peaks  is  about  60  mV  suggesting  weaker  adsorption 
on  graphite;  and  the  polymer's  redox  potential  is  shifted  from  0.25  V  (SCE)  for 
POs^  to  0.15  V  (SCE)  for  P(4.4'-dimethylbpy)Os  \  In  the  presence  of  glucose 
oxidase  (Figure  6,  curve  b)  the  glucose  depenclcnt  current  reaches  a  level  similar 
to  that  seen  for  POs*^  (Figure  5,  curve  b). 

Electron  Transfer  to  Go  -  N  =  N  -  POs* 

Bonding  of  the  osmium-containing  redox  polymer  to  glucose  oxida.se  by  one  or 
more  azo-bonds  has  two  beneficial  effects:  it  increases  the  rate  of  electron  transfer 
from  the  reduced  enzyme  to  the  polymer  and  it  allows  the  electro-oxidation  to 


POTENTIAL.  VOLTS  (SCE) 

FIGURE  6  Cyclic  voliammograms  obtained  with  a  I).  )5M  NaCI,  I).  1 M  pH  7  pho.sphatc  buffer  Miluiion 
of  glucose  oxidase  and  P(4.4’-dimethylbpy)Os  ‘  without  glucose  (curve  a):  and  with  50mM  glucose 
(curve  b).  3mm  diameter  glassy  carbon  disk  electrode:  scan  rate  ImV/s. 
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persist  even  in  IM  NaCl  solutions,  where  the  unbound  POs  ’  elucosc  oxidase  system 
shows  no  observable  glucose  concentration  dependent  electrochemistry.  The  vol- 
tammogram  ot  the  chemically  modilicd  en;'yme.  in  the  absence  ot  glucose,  is  seen 
in  Figure  7.  curve  a.  While  for  unbound  POs  '  the  separation  of  the  reduction  and 
oxidation  peaks  is  approximately  20  mV.  the  separation  for  the  modified  enzyme 
is  60  mV,  suggesting  normal  diffusion  dependence.  When  glucose  is  added  to  the 
0.15M  NaCl  O.IM  phosphate  buffer  solution  containing  lOjiM  of  the  modified 
enzyme,  electro-oxidation  of  the  modified  enzyme  is  observed  (Figure  7.  curve  b). 
The  oxidation  current  attained  at  sufficiently  oxidizing  potentials  is  about  fourfold 
higher  than  for  the  native  enzyme  and  unbound  POs ' .  While  addition  of  ().85M 
NaCl  decreases  the  current  by  a  factor  of  approximately  4  (Figure  7.  curve  c). 
electro-oxidation  of  the  modified  enzyme  persists.  Figure  S  shows  a  calibration 
curve  for  a  glucose  selective  electrode  made  w(th  the  GO  -  N  =  N  -  POs  ‘ 
enzyme  and  with  a  .1.500  MW  cutoff  Spectro/por  6  membrane.  At  0.32  V  (SCE) 
the  current  increases  linearly  with  glucose  concentration  up  to  approximately  10 
mM. 


RGURE  7  Cyclic  voltammograms  obtained  with  GO  -  N  =  N  -  POs"  in  O.IM  pH  7  phosphate 
buffer  without  glucose  and  with  0.  ISM  NaCl  (curve  a);  with  SOmM  glucose  and  0.  ISM  NaCl  (curve  b); 
and  with  SOmM  glucose  and  0.6SM  NaCl  (curve  c).  3mm  glassy  carbon  disk  electrode;  scan  rate  2mV/s. 
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FIGURE  8  Glucose  concentration  dependence  of  the  current  at  l).32V  (SCE)  for  the  GO  -  N  = 
N  -  POs‘  membrane  electrode. 


Voltammetry  of  Adsorbed  POs^NH, 

The  behavior  of  nonquaternized  and  quaternized  POs '  NHi  (E"  =  0.25  V)  ad¬ 
sorbed  on  carbon  and  gold  electrodes  was  investigated  by  cyclic  voltammetry  (Fig¬ 
ures  9a,  9b,  10a,  lOb).  The  experiments  were  curried  out  in  a  quiescent  solution 
of  0.15  M  NaHEPES  titrated  to  pH  7  with  10  M  HCl  (final  ionic  strength  0.27  M). 
The  electrodes  were  allowed  to  cycle  for  approximately  15  minutes  to  allow  the 
polymer  films  to  swell  or  shrink  before  scans  were  recorded.  Scan  rates  from  2 
mV/s  to  200  mV/s  were  employed.  Integration  of  the  cyclic  voltammograms  at  low 
scan  rates  (2-5  mV/s)  showed  that  approximately  1.0  x  lO"'*  moles/cm*  of  non¬ 
quaternized  POs  *^NH2  are  electroactive  on  abraded  graphite  electrodes  and  1.0  x 
10 "’'moles/cm- on  gold  electrodes.  For  the  quaternized  polymer,  1.0  x  lO'**  moles/ 
cm^  are  electroactive  when  adsorbed  on  abraded  graphite  and  5.0  x  10"  moles/ 
cm^  when  on  gold.  Rotating  disk  electrode  experiments  revealed  that  the  polymer 
does  not  desorb  even  at  high  rotation  rates  (2(XX)  rpm).  Furthermore,  coulometry 
showed  that  less  than  10%  of  the  polymer  desorbed  from  the  electrodes  upon 
storage  for  30  days  in  a  stirred  water  bath.  An  increase  in  chloride  concentration 
of  the  electrolyte  caused  the  peaks  to  be  shifted  negatively  (Figures  1  la  and  lib). 
For  the  nonquaternized  polymer,  increasing  [Cl"]  from  0.15  M  to  1.36  M  shifted 
the  peaks  45  mV  negative.  For  the  quaternized  redox  polymer,  the  peaks  shifted 
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FIGURE  9  (a)  Cyclic  voltammograins  at  different  scan  rales  for  nonquaternized  POs  ’  NH^  adsorbed 
on  abraded  graphite  (electrode  surface  area  0.U08  cm*).  Scan  rates:  a)  2  mV/$.  b)  S  mV/s.  c)  10  mV/ 
s,  d)  20  mV/s,  e)  50  mV/s.  and  0  100  mV/s.  0.15  M  NaHEPES.  pH  7.  (b)  Cyclic  voltammograms  at 
different  scan  rates  for  nonquaternized  POs '  NH^  adsorbed  on  gold  (electrode  surface  area  0.002  cm*). 
Scan  rates:  a)  5  mV/s.  b)  10  mV/s.  c)  20  m  V/s.  d)  50  mV/s,  e)  100  mV/s.  and  f)  200  mV/s.  0.15  M 
NaHEPES.  pH  7. 
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FIGURE  9  continucJ 


50  mV  negative  for  an  increase  from  (Cl  J  =  0. 12  M  to  (Cl  )  =  1 .0  M.  Decreasing 
(Cl "I  to  0.27  M  shifted  the  peaks  back  to  their  original  positions.  The  formation 
of  the  enzyme-polymer  complex  also  shifted  the  peaks  40  mV  negative. 

Glucose  Response  of  the  Enzyme-Polymer  Complex  Adsorbed  on  the  Electrode 
Surface 

The  oxidation  of  glucose  by  the  glucose  oxidase-POs '  NH^  surface  adsorbed  com¬ 
plex  was  studied  by  cyclic  voltammetry.  Electrodes  were  produced  by  adsorbing 
quaternized  POs*^NH2  on  the  surface  of  a  graphite  electrode.  This  surface  layer 
was  examined  by  cyclic  voltammetry,  washed  with  D.l.  water  and  then  dried  in  a 
stream  of  Ni.  A  4  p,L  droplet  of  glucose  oxidase  solution  (4.5  mg/mL)  was  placed 
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FIGURE  10  (a)  Cyclic  voltammoprams  at  different  scan  rates  for  qualernized  PCs '  NH..  adsorbed 
on  abraded  graphite  (electrode  surface  area  0.002  cm-).  Stan  rates:  a)  5  mV/s.  b)  10  mV/s.  t)  20  mV/ 
s,  d)  50  mV/s.  e)  100  mV/s.  and  0  2(X)  mV/s.  0. 15  M  NaHEPES.  pfi  7.  (b)  Cyclic  voltammograms  .it 
different  scan  rates  for  quaternizcd  PCs' Nil.  adsorbed  on  gold  (electrode  surface  area  0.(K)2  cm-). 
Scan  rates;  a)  5  mV/s.  b)  10  mV/s.  c)  20  mV/s.  d)  .50  mV/s.  e)  l(K)  mV/s.  and  f)  200  mV/s.  0.15  M 
NaHEPES.  pH  7. 

on  the  electrode  surface,  contacted  for  10  minutes  and  then  rinsed  in  a  stream  of 
D.I.  water.  The  glucose  response  of  the  electrodes  was  tested  in  W)  mM  glucose/ 
0.15  M  NaHEPES  solutions  at  pH  7.  No  containment  membrane  was  used.  The 
cyclic  voltammograms  for  the  oxidation  of  glucose  by  the  enzyme-polymer  complex 
are  shown  in  Figure  12  and  the  steady  state  response  at  a  constant  potential  of  0.45 
V  is  shown  in  Figure  13  for  both  a  0.5  mm  graphite  electrode  in  a  quiescent  solution 
and  a  4  mm  pyrolytic  carbon  disk  electrode  rotating  at  20  rpm.  Similar  results  were 
obtained  for  electrodes  using  gold.  Chronoamperometric  measurements  taken  in 
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the  flow  cell  show  that  the  response  time  to  a  change  in  glucose  concentration  of 
the  enzyme/quaternized  polymer/electrode  system  is  less  than  I  s  (Figure  14).  (The 
definition  of  response  time  for  this  purpose  is  the  time  necessary  to  reach  '/: 
maximum  response).  Response  times  for  different  flow  rates  are  shown  in  Figure 
15.  The  glucose  concentration  dependence  of  the  current  at  0.45  V  for  the  enzyme/ 
quaternized  polymer/electrode  system  is  shown  in  Figure  16.  Only  a  background 
current  is  present  at  zero  glucose  concentration. 

Effect  Of  Degree  of  Quatemization  on  Glucose  Response 

The  effect  of  the  degree  of  quatemization  on  electron  transfer  between  the  polymer- 
enzyme  complex  adsorbed  on  a  graphite  electrode  was  studied  by  cyclic  voltam- 
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FIGURE  11  (a)  Cyclic  voltammograms  for  nonquatcrnizcd  POs'NH>  at  different  sodium  chloride 
concentrations:  a)  (Cl '  |  =  0. 15  M  and  b)  (Cl '  |  =  1 .36  M.  Scan  rate:  5  mV/s.  (b)  Cyclic  voltammograms 
for  quatemized  POs'NH^  at  different  sodium  chloride  concentrations:  a)  (Cl  |  =  0.12  M  and  b) 
(Cl "I  =  1.00  M.  Scan  rate:  5  mV/s. 


metry.  Electrodes  were  tested  in  60  mM  glucose/0.15  M  NaHEPES  solutions  at 
pH  7.  Increasing  the  degree  of  quaternization  (i.e.  exposure  time  to  methyl  iodide 
vapors)  produced  no  substantial  increase  in  current  density  per  mol  of  POs^NH2 
adsorbed  on  the  electrode  surface.  The  degree  of  quaternization  did,  however, 
have  a  substantial  effect  on  the  hysteresis  of  the  cyclic  voltammograms  (Figure  17). 
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FIGURE  12  Cyclic  voUammo(>rain  of  the  quatcrni/cd  POs '  NH../cn/ymc  complex  in  Ml  mM  glucose. 
9.9  units/mL  catalase.  (I.l.*)  M  NallCPE.S  at  pH  7.  Scan  rate:  mV/s  a|  no  glucose,  h)  Ml  mM  glucose. 


Electrodes  produced  with  the  nonquaternized  redox  polymer  exhibited  large  hys¬ 
teresis.  Increasing  quaternization  decreased  substantially  the  hysteresis. 

Adsorption  and  the  Effect  of  Ionic  Strength  on  the  Surface  Adsorbed  Enzyme/ 
Polymer  Complex 

Adsorption  and  the  effect  of  ionic  strength  on  gluco.se  oxida.se  adsorbed  on  graphite 
electrode  surfaces  modified  with  POs*  NH;  (quaternized)  were  studied  by  cyclic 
voltammetry  and  chronoamperometry.  The  electrodes  were  placed  in  4  mL  solu¬ 
tions  of  60  mM  glucose/0.15  M  NaHEPES  at  pH  7.  degassed  with  N^.  0.9  fig  of 
catalase  (44.000  units/  mg  protein)  were  added  to  prevent  the  deactivation  of  glucose 
oxidase  by  evolved  H2O2.  Approximately  10  g-L  of  4  mg/ml  solution  of  glucose 
oxidase  was  slowly  injected  (final  glucose  oxidase  concentration:  10  p.g/mL)  into 
the  electrochemical  cell.  The  potential  was  then  stepped  from  0  V  to  0.45  V.  The 
response  of  the  electrode  is  shown  in  Figure  18.  A  similar  result  was  obtained  from 
cyclie  voltammetry.  As  was  reported  earlier/’  electron  transfer  in  the  enzyme- 
polymer  complex  stops  in  0.65  M  NaCl.  In  a  similar  adsorption  experiment  per¬ 
formed  at  0.65  M  NaCI  no  glucose  response  was  observed.  An  inactivation  ex¬ 
periment  was  performed  using  an  electrode  with  adsorbed  polymer  and  enzyme, 
then  increasing  the  ionic  strength  to  0.65  M  by  injection  of  1  M  NaCl/60  mM 
glucose  solution  into  a  stirred  cell  or  in  a  cell  using  a  pyrolytic  carbon  disk  electrode 
rotating  at  20  rpm.  Figure  19  shows  the  glucose  response  rapidly  decreasing.  Only 
a  background  current,  unrelated  to  the  glucose  level,  remains  at  an  ionic  strength 
of  0.65  M.  The  electrode  was  then  removed  from  the  high  ionic  strength  solution, 
rinsed  with  copious  amounts  of  D.I.  water  and  placed  into  a  solution  of  low  ionic 
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FIGURE  13  Steady  slate  glucose  response  of  glucose  oxidase  adsorbed  on  a  POs '  NH.  (quaternized) 
surface  modified  electrode  in  Ml  mM  glucose.  9.9  units/mL  catalase.  O.IS  M  NaiiEPES  at  pH  7. 


Strength.  After  a  period  of  approximately  2  hours  the  electrode  regained  75%  of 
its  initial  response. 


DISCUSSION 

Mediation  of  Eiectro-Oxidation  of  Glucose  Oxidase  by  Redox  Polymers 

The  advantage  of  polymeric  redox  mediators  in  the  enzyme  electrode  based  sensor 
applications  is  that  they  are  membrane  containable.  While  low  molecular  weight 
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FIGURE  14  Electrode  response  to  a  change  in  glucose  concentration  from  0  to  50  mM  glucose  in 
0.  IS  M  NaHEPES  at  pH  7,  9.9  units/mL  catalase.  Flow  rale;  91  mL/min. 


i 

I 

redox  couples  diffuse  through  membranes  that  transport  reaction  substrates  and 
products,  polymeric  redox  couples  do  not.  Thus,  for  example,  simple  cellulosic 
membranes  of  3500  MW  cutoff  effectively  contain  both  the  redox  polymers  and 
glucose  oxidase  in  the  enclosure  near  an  electrode.  Such  containment  is  of  relevance 
to  the  design  of  mediator-based  in  vivo  enzyme  electrodes  when  the  redox  mediator 
is  toxic  or  if  there  is  uncertainty  about  the  effect  of  releasing  the  mediator  into  the 
tissue. 
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FIGURE  IS  Electrode  response  times  at  varying  flow  rates  for  a  change  in  glucose  from  U  to  SO  mM. 


Effectiveness  of  Polycstlonic  Redox  Polymers  as  Mediators 

In  agreement  with  results  of  Kulys,  Cenas  and  their  coworkers, polycationic  redox 
polymers  are  shown  to  be  effective  electron  shuttles.  We  find  that  the  polycationic 
polymers  shuttle  electrons  from  reduced  glucose  oxidase  to  graphite  electrodes 
more  rapidly  than  neutral  or  weakly  cationic  redox  polymers,  and  that  the  latter 
do  so  faster  than  polyanionic  redox  polymers.  This  suggests  that  electrostatic  bond¬ 
ing  of  the  polycationic  polymer  to  the  negatively  charged  enzyme  creates  a  transient 
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FIGURE  16  Glucose  concentration  dependence  of  the  current  density  at  0.45  V  for  the  glucose  oxida.se/ 
quaternized  POs *  NH^/graphitc  electrode  system  in  0. 15  M  NallEPES  at  pH  7.  9.0  units/mL  catalase. 

complex  where  the  electron  transfer  distance  is  reduced.  That  the  relevant  bonding 
in  the  transient  adduct  is  electrostatic  in  nature  is  evident  also  from  the  effect  of 
the  NaCI  concentration  on  the  rate  of  electron  transfer  from  reduced  glucose 
oxidase  to  the  polycationic  redox  polymer  POs^.  The  decrease  in  the  rate  of 
electron  transfer  is  reflected  in  the  voltammograms  of  Figure  5.  While  at  0.15M 
NaCl  one  observes  only  the  mediated  electro-oxidation  of  glucose,  no  such  electro¬ 
oxidation  is  seen  in  IM  NaCl:  the  only  electrochemistry  seen  is  that  of  the  redox 
polymer.  Evidently,  at  low  electrolyte  concentrations  the  polyanionic  enzyme  and 
the  polycationic  redox  polymer  electrostatically  bind  each  other,  while  at  high  NaCl 
concentrations  the  redox  polymer  coils,  increasing  the  electron  transfer  distance 
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FIGURE  17  Cyclic  voltammopram  of  the  nonquaicrnizcd  POs  ’  NHyenzyme  complex  in  60  mM  plu- 
cosc,  0.15  M  NallEPES  at  pH  7.  Sean  rate;  I  mV/s. 

and  thus  preventing  electron  transfer  from  the  enzyme  to  the  polymer.  Because 
the  entropy  of  mixing  of  the  macromolecules  is  small,  transient  electron  transferring 
complexes  are  not  formed  at  high  NaCl  concentrations. 

Electron  Transfer  from  Reduced  Glucose  Oxidase  to  Polycationic  Osmium 
Complexes 

The  redox  potentials  of  several  osmium{bpy),(py)v  complexes  arc  positive  of  glu¬ 
cose  oxidase."  Meyer  and  his  group  have  shown'-  that  osmium  complexes  of 
bipyridine,  pyridine  and  related  hcterocyclics  arc  also  fast  redox  couples,  and  that 
their  redox  potentials  can  be  tailored  over  a  broad  range.  The  redox  potential  of 
Os(bpy)2(py)Cl  is  approximately  0.3  V  (SCE).  appropriate  for  oxidation  of  reduced 
glucose  oxidase.  When  its  complexing  pyridine  is  replaced  by  poly(vinylpyridinc). 
the  redox  potential  drops  to  0.25  V  (SCE)  (Figure  5).  The  potential  is  further 
reduced  to  0.15  V  (SCE)  and  thus  brought  closer  to  the  redox  potential  of  the 
enzyme  upon  replacing  the  bipyridinc  with  4.4'-dimethyl-bipyridinc  (Figure  6).  The 
osmium  complexes  that  were  investigated  accept  electrons  from  the  FADH,  centers 
of  glucose  oxidase  rapidly.  Consequently,  they  are  effective  mediators  of  the  elec¬ 
trochemical  oxidation  of  the  enzyme  on  conventional  electrodes  (Figure  5.  6). 

Electrical  Communication  between  Glucose  Oxidase  and  Electrode  Surfaces  via 
Covalently  Bound  Polycationic  Redox  Polymer  Relays 

The  polycationic  copolymer  POs^NHj,  that  contains  aminostyrene  in  addition  to 
the  Os-complexing  4-vinylpyridine  functions,  can  be  covalently  bound  to  glucose 
oxidase  by  forming  its  diazonium  salt  and  reacting  it  with  tyrosine  or  tryptophane 
residues  of  the  enzyme. 

The  systems  with  the  enzyme  bound  polycationic  redox  polymers  differ  from  the 
unbound  ones  in  their  electron  transfer  characteristics  and  therefore,  in  their  elec¬ 
trochemical  characteristics.  In  the  unbound  redox  polymer/enzyme  system  the  rate 
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FIGURE  18  Chronoamperomciric  response  of  quaternizeil  POs '  Nliygraphite  ciccirodc  in  lU  (ig/mL 
glucose  oxidase.  60  mM  ^ucosc.  U.  15  M  NaHEPES  at  pH  7. 

of  electron  transfer  declines  rapidly  when  the  electrolyte  concentration  is  increased, 
becoming  vanishingly  small  at  IM  NaCl,  when  coiling  of  the  polycationic  redox 
piolymer  increases  the  electron  transfer  distance  between  the  polymer's  redox  cen¬ 
ters  and  the  FADHi  centers  of  the  enzyme.  In  the  covalently  bound  system  the 
decline  is  less  significant  and  electron  transfer  persists  even  in  IM  NaCI.  showing 
that  the  polycationic  redox  polymer  is  held  within  electron  transfer  distance  of  the 
enzyme’s  FADH2  centers  by  the  covalent  bond. 

TTie  electron  transfer  characteristics  of  the  polycationic  electron-relay  modified 
glucose  oxidase  translate  to  advantageous  characteristics  in  the  glucose  electrode 
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FIGURE  19  Chronoampcromctric  response  of  quaternized  POs '  NU^glucose  oxidase  complex  ad¬ 
sorbed  on  graphite  to  increased  ionic  strength.  Region  A:  Steady  state  glucose  response.  Region  B; 
Turbulent  effects  of  the  solution  injection  cause  a  temporarily  increased  glucose  flux  to  the  surface. 
Region  C:  Electrode  response  to  the  increase  in  ionic  strength  from  0.27  M  to  0.6S  M. 


made  with  this  modified  enzyme  (Figure  7).  The  bound  system  leads  to  a  fourfold 
increase  in  current  (Figures  S  and  7)  and  the  electro-oxidation  of  glucose  persists 
even  at  high  NaCl  concentrations. 

Adsorption  of  Poly(vinylpyiidino)  Complexes  of  Os(bpy)2CI^^** 

Voltammetric  results  for  both  the  nonquaternized  and  quaternized  POs  NHj  poly¬ 
mers  show  that  these  are  strongly  adsorbed  on  abraded  graphite  surfaces.  This  is 
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evident  from  the  reduced  peak  splitting  (Figures  and  10).  from  the  steady  per¬ 
formance  of  the  electrode  rotated  at  2(HK)  rpm  and  from  the  small  loss  t>f  polymer 
after  storing  30  days  in  a  stirred  water  bath. 

Adsorption  of  Glucose  Oxidase  on  POs'^NH,  Coated  Electrodes 

That  glucose  oxidase  is  strongly  adsorbed  on  POs  *  NH^  coated  electrodes  and  that 
its  redox  centers  are  electro-oxidized  by  these  is  seen  in  Figures  13.  14,  and  17. 
Chronoamperometry  shows  that  even  at  high  enzyme  dilution  the  enzyme  builds 
up  on  the  PVP-Os(bpy)>CI  *  ’  coated  .surfaces  (Figure  17). 

Oxidation  of  Glucose  by  Surface  Adsorbed  Enzyme-Redox  Polymer  Complexes 

Electrodes  first  dipped  in  a  quaternized  or  norfquaternized  POs'NH^  solution, 
rinsed,  then  dipped  in  a  glucose  oxidase  solution  and  again  rinsed,  can  be  used  as 
glucose  sensors  (Figures  12.  13.  and  17).  Electrons  are  transferred  from  the  reduced 
enzyme,  via  the  polymer,  to  the  electrodes.  One  advantage  of  surface  adsorbed 
enzyme-redox  polymer  complexes  in  enzyme--electrode  based  sensor  applications 
is  that  they  do  not  require  a  membrane  or  other  form  of  containment.  Unbound 
redox  mediators  and  enzymes  require  containment  (i.e.  membranes  and  gels)  to 
prevent  them  from  diffusing  away  from  the  electrode.  Because  glucose  must  diffuse 
through  the  membrane  or  gel,  such  containment  lengthens  the  time  response  of 
enzyme-electrode  sensors  to  a  sudden  change  in  glucose  concentration.  Strongly 
adsorbed  surface  complexes  require  no  containment  to  prevent  out-diffusion  of  the 
enzyme  from  the  electrode.  Thus,  the  response  of  the  electrode  is  only  limited  by 
the  transport  of  glucose  through  the  solution.  In  a  flow  system,  the  time  response 
is  less  than  1  s  (Figure  15).  faster  than  has  been  reported  for  sensors  employing 
membranes.'’ 

Redox  Properties  of  the  Surface  Adsorbed  Redox  Polymer 

The  small  values  for  AEp  indicate  that  both  the  nonquaternized  and  quaternized 
polymers  are  strongly  adsorbed.  Increased  peak  splitting  has  been  attributed  to 
poor  electron  transfer  between  the  polymer  film  and  the  electrode  surface,  slow 
diffusion  of  counter  ions  into  the  polymer  film,''*  or  film  (or  solution)  resistance 
effects.'*  Peak  splitting  on  carbon  is  lower  than  on  gold  for  both  polymers,  sug¬ 
gesting  either  faster  electron  transfer  to  carbon,  or  a  more  open  polymer  mor¬ 
phology,  which  may  allow  faster  counter  ion  transport.  The  penetration  of  counter 
ions  into  the  film  and  film  morphology  have  been  shown  to  significantly  affect  the 
electrochemical  response  of  adsorbed  poly(4-vinylpyridine)-  and  plasma  polymer¬ 
ized  vinyl  ferrocene  films.'*  The  mid-height  peak  widths  for  both  polymers  are 
quite  broad,  suggesting  either  heterogeneity  in  the  electrode  surfaces  or  a  low 
degree  of  order  in  the  polymer  film.  '*  Since  peak  widths  on  polished  gold  are  nearly 
as  broad  as  those  on  carbon,  the  latter  explanation  seems  more  likely.  The  shift 
in  peak  position  caused  by  increased  (Cl "  J  is  attributed  to  differential  ion  pairing 
of  (Os(bpy)2ClJ*’  and  (OsfbpyjjCl)*^  with  chloride.  Strong  ion  pairing  by  the 
oxidized  form  of  the  redox  couple  is  expected  to  produce  a  negative  shift.  Differ- 
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cntial  ion  pairing  has  been  observed  in  poly(4-vinyl  pyridine )/lFe(CN)<il„  films-  and 
cyctochromes.’’ 

Electrostatic  Complexing  between  the  Redox  Polymer  and  the  Enzyme 

Both  nonquaternized  and  quaternized  POs'  NH;  have  been  shown  to  effectively 
relay  electrons  from  glucose  oxidase  to  the  electrcxle  surface.  Ouatemized  POs’^NHj 
is  preferred  because  of  the  absence  of  hysteresis  shown  in  cyclic  voltammograms 
and  the  fast  electron  transfer  indicated  by  surface  voltammetry  experiments.  At 
increased  ionic  strength,  electron  transfer  ceases  in  the  electrostatic  enzyme/poly¬ 
mer  complex,  with  enzyme  related  changes  accounting  for  a  very  minor  fraction 
of  the  loss.'’  We  have  shown  here  that  the  enzyme  and  the  redox  polymer  remains, 
nevertheless,  on  the  electrode  surface.  We  attribute  loss  in  glucose  response  to 
coiling  of  the  polycationic  redox  polymer  at  high  ionic  strength."'  The  coiled  poly¬ 
mer  no  longer  folds  along  the  protein. 

Conclusions 

Glucose  oxidase,  an  enzyme  having  a  hydrodynamic  diameter  of  SbA'*'  and  two 
deeply  buried  FAD/FADH^  redox  centers,  docs  not  exchange  electrons  with  con¬ 
ventional  electrodes  because  the  distance  between  the  FAD/FADH;  centers  and 
the  electrode  surface  is  excessive  for  electron  transfer  even  upon  adsorption  of  the 
enzyme.  At  low  electrolyte  concentrations  transient  electrostatic  complexes  are 
formed  between  glucose  oxidase  and  polycationic  redox  polymers.  These  polymers 
penetrate  the  negatively  charge  enzyme  sufficiently  to  allow  electron  transfer  to 
occur  between  the  FADH>  centers  and  the  Os  centers  of  the  polymer.  Electrons 
are  then  transferred  by  the  redox  polymer  to  the  electrode  surface.  At  high  elec¬ 
trolyte  concentrations  the  transient  enzyme-redox  polymer  complexes  do  not  form 
because  of  coiling  by  the  polymer.  As  a  result,  glucose  is  not  electro-oxidized  at 
high  electrolyte  concentrations. 

Polycationic  osmium  complexes  emerge  as  particularly  effective  acceptors  and 
thus  as  useful  mediators  in  the  electro-oxidation  of  glucose.  Covalent  bonding  of 
a  polycationic  redox  polymer  to  the  enzyme  results  in  a  structure  wherein  the 
distance  between  the  FAOH2  centers  and  the  redox  centers  of  the  polymer  is 
sufficiently  short  to  allow  rapid  electron  transfer.  Electrons  transferred  from  the 
FADH2  centers  may  then  percolate  along  the  redox  polymer  chains  and  transfer 
to  the  electrode.  In  contrast  with  electrodes  made  with  the  unbound  redox  polymers 
that  become  inactive  at  high  electrolyte  concentrations,  electrodes  made  with  the 
enzyme  covalently  bond  to  the  redox  polymer  continue  to  electro-oxidized  glucose 
at  high  electrolyte  concentrations.  Evidently  the  bound  polycationic  redox  polymer 
cannot  coil  to  the  degree  that  electron  transfer  from  the  enzyme  ceases. 

The  electrostatic  complex  of  polyanionic  glucose  oxidase  and  polycationic  POs  NH2 
is  strongly  adsorbed,  at  physiological  ionic  strength,  onto  a  graphite  electrode 
surfaces.  The  adsorbed  polycationic  redox  polymer  serves  as  an  effective  electron 
transfer  relay  between  the  FADH,  centers  of  glucose  oxidase  and  the  electrode. 
This  electrostatic  complex  forms  the  basis  for  a  glucose  electrode  with  a  fast  re¬ 
sponse  time  that  does  not  require  a  membrane  or  a  diffusing  electron  carrier. 
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A  llaiMa  laelale  electrocle  was  itiade  of  400  i  100  r-pm- 
dtaiMief  caibon  flbeia,  epoxy  embedded  In  a  O^O-fWiMleftielef 
poiynMBvnMnpa  ineeMdreoewOTiiiiivneQiiypreG^iuranp 

ml  Vw  relelivalv  bmohdiie  oomnlex fanned  between  1100 
kOe  pefbaly  3f  ediylenilne  quatemlxed  poly((vtnylpyridhie)- 
Oe(b^pyildhie)ia]Ct  (POe-EA)  and  lactate  oxMeae.  The 
■teedyeletelectetielectrooxidellencunent,  eta  mM  lactate 
concenbeBon  and  at  22  “C,  waa  400  nA.  The  50  ±  10  ttAc 
air*  earn*  danaiy  and  the  20  mA  enr*  M-'  aenaBhdty 
dacraaaad  only  by  5%  when  the  partial  prcaaura  of  oxygen 
waa  bicfaaaad  from  0.0  lo  0,2  atm.  The  atacbode  retabia  da 
aanaOMIy  aflar  Ary  aleraga  al  4  ‘C  for  4  moidha  bi  ab  bul 
loaaa  half  of  Ra  aanaBIwfty  bi  7  h  at  27  °C  fhrough  pofymer 
doaorpHon  whan  operalad  at  0.4  V  (SCC).  To  elmbiate 
Meftavenoeby  epectoethel  JweeleclioooddhBed  el  0*4  V  (SCE), 
the  wee  le)  elecMcelv  kieieeled  wMi 

ea^^w  a^paa  ^aa  a^a  wi^a  ^wt  g  ^a^^^xxa^^  ae^^^aa^^me^wm  ^^xeeae 

en  epMy  nede  of  poly(  vbiy InMeiole)  ofoee4kiked  wMi 
OQiyiofie  ^ycoi  ce^ydoyi  oner  ena  |D|  coeieo  wn  en 
bmioMteed  hOfeeredWi  peroiideee  (HltP)/gluooee  oxldeee 
(QOX)Mm.  Thelellei  an  wee  farmed  by  uilmnwWhlncI^ 
two  ensymee  IbfoiiQh  peiloclele  oildiliDn  of  lliob  olQOoec* 
diertdeelo  eMobyboe  end  fonnbid  ScbM  beeee  between  the 
polyildeliydoeendllieoiiKyinoii^lyeyleinlneoe  Inbwpfooonco 
of  1  wili  fltucoee  ert  bt  eb.  the  bdoffotbni  oiecIfOOKidefion  of 

e^e  e  eaaaae  aamaei^e^^^ap  ^aa^ax  eaa  aaaay  aa^^a  ee^a^wee^peen^aa  ^p^^^^eaee^ap^epeOTma^e^ee  axe 

Oel  mM  eeoofbeto  wee  recliiGOd  by  e  fedor  of  20.  Thle 
ledudlon  iweidle  froni  fonnetlon  of  tiydiooon  pofoidde  In  the 
OmooeO’^enofsOG  veeceoB  eno  fijUs  oxiQeDon  Of  me  eecoroeie 
In  a  reaction  calalyxed  by  MW. 


INTRODUCTION 

Simple  glucose  electrodes  have  been  made  by  adsorbing  a 
poly[(vinylpyndine)Os(bipyTidine)2Q]Cl  (POs-EA)  deriva¬ 
tive  <mgn^te,rinaing,and  then  complexing  glucose  oxidase 
to  the  adsmbed  polymer.'  Upon  o(»nplexing,  the  adsorbed 
redox  polymer  binds  and  penetrates  the  enxyme  and  estab¬ 
lishes  electrical  contact  between  the  redox  centers  of  the 
enxyme  and  a  graphite  electrode.^  Here  we  4>ply  such  a 
oomplexing  process  to  forming  lactate  electrodes  on  flexible 
bundles  oS  epoxy-embedded,  polyimide  tubing-contained, 
carboofibers.  The  electrodes  are  coated  with  an  interferant- 
eliminxting  layer,  containing  coimmobilixed  horseradish 
peroxidaaedl]^)  and  glucose  oxidase  (GOX).  Inanaerated 
ghioose  solution,  H2O2  is  generated  within  the  film  through 
the  GOX-catalysed  reaction.  The  H2O2  oxidizes  the  inter- 
fsrants,  but  not  lactate,  in  the  HRP-catalyzedreacti<m.  The 
interference  elimination  process  is  built  on  that  described  for 
glucose  electrodes,  vrtiere  lactate  oxidase  has  been  used  to 
genoate  HjOt  in  a  lactate-oontaining  aerated  solution.^ 

Lactate  oxidase  from  Pediocoeeus  sp.  commonly  used  in 
amperometric  lactate  sensors,^  has  been  used  throughout  this 


(1)  Pithko,  M.  V.;  Kstaki*,  L;  Lindquitt,  Line,  Y.;  Gren:.  B.  A.; 
HsDar,  A.  Angew.  Chem.,  Int.  Sd.  Engl- 1990, 29, 82-4. 

(2)  Hriln,  A.  J.  Phy*.  Chan.  1992, 96,  3579-87. 

(3)  MsMia,  R;  Hrilsr,  A.  J.  Am.  Chem.  Soc.  1991, 113, 9003-4. 

(4)  KaUkb,  L;  HeUcr,  A.  AnaL  Chem.  1992, 64, 1008-13. 


work.  The  enzyme  catalyzes  reaction  land  also  the  oxidation 
of  the  FADH2  by  02,  whereby  H202 is  formed.  Amperometric 


LOX-FAD  +  lactate  -►  pyruvate  +  LOX-FADHj  (1) 


lactate  sensors  have  been  based  on  this  reaction  combined 
with  reactions  2  and  3,  where  Mu  and  Mn  are  the  oxidized 


LOX-FADHj  +  2M„  —  LOX-FAD  +  2M„  (2) 


M„-*Mu  +  2e-  (3) 

and  the  reduced  forms  of  a  diffusional  mediator,  such  as  Oy 
H2O2  or  Fc*/Fc  (where  Fc  is  a  ferrocene  derivative).*-'®  FAD/ 
FADH2  centers  ofLOX  were  also  nondiffiisionally  electrical^ 
connected  to  electrodes  through  a  three-dimeiMuonal  redox 
epoxy-based  electron-relaying  network.^ 

Lactate  monooxygenase  from  Mycobacterium  smegmatis, 
having  an  FMN  cofactor,  has  also  been  applied  in  lactate 
sensors.  This  em^me  catalyzes  the  oxidation  of  lactate  fay 
oxygen  to  acetic  add  and  carbon  dioxide."  However,  the 
enzyme  is  inhibited  by  phosphate,'^  an  ion  present  in  blood 
and  other  tissues,  whereas  lactate  oxidase  from  Pediocoeeus 
sp.  is  not  inhibited  by  phosphate.  Because  the  sensor  is  to 
be  used  in  phosphate^ntaining  physiological  solutions,  the 
Pediocoeeus  enzyme  was  used  in  this  work. 

In  vivo  measurement  ot  lactate  is  of  clinical  interest  in 
monitoring  .shock,  respiratory  insuCGdency,  and  heart  fail¬ 
ure.'*  Miniaturization  and  flexibility  of  sensors  u  relevant 
to  lactate  monitoring  at  a  specific  site  or  in  an  organ  vdiere 
tissue  damage  upon  electr^e  insertion  must  be  avdded. 
Miniature  glucose  sensors'*-'®  based  on  glucose  oxidase,  an 
enzyme  of  higher  specific  activity  than  that  of  lactate  oxidase 
(LOX),  have  been  reported,'*-'®  One  limit  imposed  on 
miniaturization  is  defined  by  the  achievable  current 


(5)  Wasdiug,  J.;  Tvede,  K.;  Grinsted,  J.;  Jordenins,  H.  CUn.  Chem. 
J989, 35/8, 1740-3. 
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1991, 6, 343-^. 

(11)  liockridge,  0.;  Massey,  V.;  Sullivan,  P.  A  J.  Biol.  Chem.  1972, 
247, 8097-160. 

(12)  Takemori,  S.;  Nakai,  Y.;  Katakiri,  M.;  Nakamura,  T.  FEBS  Lett. 
1909, 3,  214-6. 

(13)  Masdni,  M.;  Moscone,  D.;  Palleschi,  G.  AnaL  Chim.  Acta  1984, 
157, 45-51. 

(14)  Pishko,  M.  V.;  Heller,  A  AnaL  Chem.  1991, 63,  2268-7Z 

(15)  Yokoyama,K.;Sode,K.;Tamiya,E.;Karube,L  AnaL  Chim.  Acta 
1989  218  137—42. 

(16)  Suzuki,  R;  Tamiya,  E.;  Karube,  L  ArutL  Chem.  1988, 60, 1078-80. 

(17)  Tamiya,  EL;  Karube,  L;  Hattori,  S.;  Suzuki,  M.;  Ydtoyama,  R 
Sens.  Actuators  1^,  18, 297-307. 

(18)  Gemet,  S.;  Koudelka,  M.;  De  Root),  N.  F.  Sens.  Actuators  1989, 
17,  537-40. 


0003-2700/93/03e5-1069$04.00/0  ®  1993  American  Oiamlcal  Soctaty 


ANALYTICAl.  CHEMISTRY.  VOL.  65.  NO.  8.  APRIL  IS.  1993  •  1971 


Potential,  V  vs  SCE 


Ptgare  2.  Cydc  voRannwgrams  of  0.5  mM  oM>is(2.2'(4-malfvt- 
ainlno)blpyrfci>ie  AtAOUcWoroosmlumlll)  on  a  carbon  flbar>bundto 
electrode  In  pH  7. 13  phoaphate  buffer  vrtth  0.1  MNaCtat  lOV/sscan 
rate:  (•)  wRhout  Triton  X-100  treatment  of  the  electrode;  (□)  arRh 
TrRon  X-100  treebnenl  of  Ihe  electrode. 


PiOveS.  Cycle  voRammoyanw  of  the  laclato  elactrode  In  pH  7.13 
phoephato  buffer  wRh  0.1  M  NeCI.  under  air  scan  rate,  2  mV/s:  (a) 
no  iBcteto.  (b)  2.0  mM  lactato. 


enzyme  and  radoz  ptdymer  containing  geL^^  Such  charac¬ 
teristics  are  obviously  not  realized  in  the  fiber  bundle. 

Figure  2  shows  the  doubling  of  tp  in  peaks  of  the  cyclic 
voltammogram  [of  a  ew-bis(2.2'  (4-methylanuno)bipyridine- 
JVJVOdkhlotoosmiumdD  solution]  tq>on  Triton-X-100  treat¬ 
ment  of  the  electrode.  Evidently  adsorption  of  the  nonionic 
detergent  Triton  XlOO  inproves  the  wetting  of  the  surface  by 
the  Kdotum. 

Figure  3  shows  r^clic  voHammograms  of  the  carbon  fiber- 
bun^  electrode  without  lactate  and  with  2  mM  lactate.  In 
the  ahaence  of  lactate,  the  separation  of  the  anodic  and  the 
esthodicpeakBi840±20mV.  An  increase  in  peak  separation 
withscanratei8observedinthickerfilms,pr^ucedbycroe8- 
linkingtheenRymepdymer  complex  with  i^yeth^ene  glycol 
diglydi^ ether."  Forafast,stii»glyad8orMredozcouple 
the  separation  would  have  been  nil,  while  for  a  nonadsorbed 
fast  redox  couple  the  separatitm  would  have  been  59  mV. 
Maintenance  oftbe  electrode  at  •H).4V  (SCElfwaprolonged 
period  leads  to  loss  of  non-cross-linked  redox  polymer.  This 
teevideat  firom  the  reduction  in  the  coulmnetrical^measured 
diatge  associated  with  eiectroreduction  and  electrooxidation 


Lactate  concentration,  mM 

FIgura  4.  Stoady-state  lactate  response  of  the  etodrede  at  0.4  V 
(SCE):  under  nRrogen  or  air.  In  0.02  M  phosphate  wlh  0.1  M  NeO, 
pH  7. 13  at  room  temperature.  Ffen  oompoaRlon:  POe-EA±OX  ^  3.1 
(woiQri  fmo). 


Figures.  pH  dependence  of  LOX'saclMly;  (•ILOXbtsolullon.HzO} 
generadon,^  and  (□)  current  of  LOXtrnmoMIzed  on  the  alecirods;  1 
mM  laclato,  0.02  M  phosphate  wRh  0. 1 M  NaCL  In  ak.  room  temperahso. 


ofthepolymer.  When  2  mM  lactate  is  added  to  the  solution, 
only  an  electrocatalytic  oxidation  current  is  observed  at  scan 
rates  below  5  mV/s.  In  the  absence  a  cross-linker  the 
POs-EA/LOX  layer  thickne^  estimated  by  Os^/^  couhnn- 
etry,  is  0.5  0.2  pm  (assuming  that  the  mdecular  weight  of 
eadi  Os-containing  s^ment  is  1100  and  that  the  pdymer’s 
density  is  near  1  g/cm^.  When  the  POs-EA  complexes  the 
enzyme,  precipitation  is  observed  at  1:1  and  1:3  polymer  to 
enzyme  ratios."  Thus,  the  film  formed  on  tiie  fiber-bundle 
electrode  contains  a  precipitate.  Measurementoftheozygen 
sensitivitir  of  the  lactate  fiber-bundle  electrode  made  with  a 
1:1  polymer/enzyme  weight  ratio  film  (Figure  4)  shows  that 
the  st^y-state  electrocatalytic  current  in  air  is  only  3.6% 
below  that  in  nitrogen  at  the  plqniologically  relevant  1 .5  mM 
lactate  concentratioiL 

The  10-90%  rise  time  of  the  steady-state  electrocatalytic 
current  in  a  flow  system  at  a  4  cm/s  linear  flow  velocity  (for 
an  increase  in  lactate  c(mcentrati(Hi  from  0  to  2, 0  to  3,  or  0  to 
4  mM)  is  12  s. 

The  pH  dependence  of  the  electrocatalytic  current  was 
measured  in  air  at  1  mM  lactate  concentration  and  at  a  POs- 


(26)  Katalds,  I.;  Davidson,  L.;  Heller,  A.,  unpublished  results. 
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Table  I.  Storage  Stability 

at  4  ’C  ia  Air 

days 

current  (nA)  at  2  mM  lactate 

0 

11.1 

30 

10.5 

62 

11.6 

77 

10.1 

120 

11.9 

S  10  IS  20  2S  30 


time,  min. 

Figure  6.  Reduction  of  asooriMite  current  by  an  HRP/GDX  flbn. 
CondMcne  as  In  Figure  4,  air. 

Interierant  eliminating  layer 


Epoxy  embedded  carbon  fiber 
array  in  polyimide  tubing 

FlgueT.  Schetnallcdtwiirlng  of  the  lactate  aenaorahouIngthelnaUatlng 
barrier  and  the  Interferant  elminating  overtayer. 

EA/LOX  3:1  weight  ratio.  The  current  is  constant  within 
±1%  adien  the  pH  is  varied  between  6.4  and  8.5,  the  maaimnm 
being  near  pH  7.4  (Figure  5).  The  pH  dependence  of  the 
current  exhibits  a  broader  pH  optimum  and  a  shift  to  higher 
pH  relative  to  the  natural  reaction  of  the  enzyme  producing 
HjOal^Oj  reduction.  In  an  earlier  reported  macroelectrode 
with  croas-linked  lactate  ozidase/redoz  polymer  network,* 
the  currentwas  also  within  20%  of  its  maximum  through  the 
same6.4-8.5pHrange.  The  current maximuin  was, however, 
atpH8,not7.4.  Thiaamall  but  significant  difference  suggests 
th^  the  precipitated  POs*EA/LOX  film  and  the  diepoxide 
croae-linked  film  do  not  provide  identical  enzyme  microen¬ 
vironments. 

As  seen  in  Table  I,  an  electrode  stored  at  4  *C  for  4  months 
did  not  lose  activity.  In  continuous  operation  of  the  lactate 
electrode  at  0.45  V  (SCE)  and  at  25  *C,  the  current  drops  in 


Lactate  concentration,  mM 
Figures.  Steady-state  lactate  response  curves  for  eiactrodas  without 
(■)  and  with  (□)  barrier  layers.  CondMons  as  in  Figure  4,  air. 


0  too  200  300  400  500  600 


time,  min. 

FIgiaeS.  Decay  of  the  steady-state  current  of  the  electrode  coated 
with  POs*EA/LOX  (1:1  weight  ratio):  2  mM  lactate;  condWons  as  In 
Figure  4,  ak. 

6  h  to  75%  of  its  initial  value  (Figure  6),  primarily  because 
of  polymer  desorption  at  positive  potentials,  where  the 
polycation  is  highly  charged.  This  desorption  is  evidenced 
by  the  reduced  coulometrically  measured  charge  upon  elec¬ 
troreduction  or  electrooxidation  of  the  adsorbate  in  the 
absence  of  lactate. 

Figure  7  illustrates  the  electrode  structure  with  lactate¬ 
sensing  and  interference-eliminating  layers.  As  in  glucose 
sensors,  oxidizable  species  present  in  physiological  samples 
(serum  or  blood),  sudi  as  ascorbate,  urate,  or  acetaminophen 
(TyenoDinterferewith  the  sensing  of  lactate.  An  interferant- 
eliminating  layer  preoxidizes  the  interferants  on  their  way  to 
the  sensing  layer  through  reactions  4  and  5.^  In  eq  5,  HA  is 

cox 

glucose -FOj  |8-gluconolactone -F  H2O2  (4) 

HRP 

H2O2  +  2HA  —  2A  +  2H2O  (5) 

an  interfering  hydrogen  donor.  The  physiological  glucose 
concentration  in  serum  or  in  blood  (3-10  mM)  generates 
enough  hydrogen  peroxide  to  preoxidize  all  interferants  in 
the  presence  of  HI^,  and  the  enzyme-catalyzed  preoxidarion 
of  interfering  hydro^  donors  is  fast  enough  to  prevent  the 
interferants  from  reaching  the  lactate-sensing  la^.2  In  the 
structure  shown  in  Figure  7,  an  electrically  insulating  barrier 
layer  prevented  electron  transfer  to  oxidized  HRP  from  the 
LOX-wiring  redox  polymer.  The  insulating  layer  was  thick 
enough  to  prevent  electrical  communication  between  the 
sensing  and  the  interferant-eliminating  layers,  yet  thin  enou^ 


■0  at  not  to  hinder  substrate  or  product  diffusion.” 

Fifure  8  shows  calibration  curves  tor  HRP/GOX>coated 
interferenoe-oliminating  electrodes  made  with  and  without 
dectricall^  itmiiUting  PVI/EG  barrier  layers  between  the 
sensing  and  interference^minating  layers.  Thebarrierlayer 
reduced  the  current  by  '^40%  ai^  increased  the  10-90% 
rise  time  from  12  s  to  ~1  min.  The  left  side  ctf  Figure  9  shows 
the  reduction  of  interference  by  ascorbate  (0.1  mM).  When 
glucoee  (1  mM)  was  added,  ~95%  of  the  ascorbate-related 
current  was  eliminated.  The  right  side  of  the  figure  shows 
the  increase  in  current  upon  increasing  stepwise  the  lactate 
concentration  from  0  to  2  mM.  Because  lactate  was  not 
oxidised  by  HjOj/HRP,  the  electrode  continued  to  respond 
normally  to  lactate.  Figure  lOshowslactatecalibrationcurves 
with  and  witlmut  0.1  mM  ascorbate.  The  current  measured 
with  0.1  mM  ascorbate  was  ~7.5%  higher  than  that  with  no 
ascorbate.  Part  of  the  increase  resulted  from  the  reduction 
in  oxygen  partial  pressure  caused  by  consumption  of  oxygen 
in  the  oxidation  glucose  in  the  outer  layer.  The  observed 
7.5%  current  increase  was,  however,  characteristic  only  of 
the  3:1  enzyme/polymer  film  electrode,  where  oxygen  com¬ 
petition  was  greater  than  in  the  1:1  electrode.  In  the  1:1 
electrode,  oxygen  competition  suppressed  the  current  by  only 
3.6%  and  the  ascorbate  elmination  related  current  increase 
was  cmrreqMmdingly  smsller.  Earlier  we  showed  that  in 
glucoee  sensors  the  combination  ofallinterferants  (ascorbate, 
urate,  and  acetamuu^hen)  at  their  physiological  levels  was 
in  T  .OV /HRP  filma  The 

physiological  lactate  concentrations  (1-3  mM)  are  lower  than 
physiological  glucose  concentrations  (3-10  mM),  and  glucoee 
oxidase  activity  is  higher  than  lactate  oxidase  activity  in  the 
films.  Therefore,  we  project  that  at  physiological  glucose 

(27)  Maidan,  R;  Heller,  A.  Anal.  Chem.,  in  press. 
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Lactate  concentration,  mM 

Rgura  10.  Steady-state  lactate  current  wWwut  (□)  and  wWi  (•)  0.1 
mM  ascorbate  in  ttw  solution.  CondWons  as  In  Figue  4,  air. 

concentrations  the  entire  group  of  electrooxidizable  inter- 
ferants  with  lactate  measurements  will  be  effectively  pre¬ 
oxidized. 

After  immobilizing  its  components  and  overcoating  with 
a  bioinert  film,  the  electrode  should  be  practical  for  whole- 
blood  lactate  assay  and  for  implantation. 

ACKNOWLEDGMENT 

Parts  of  the  work  were  supported  by  the  Office  of  Naval 
Research,  the  National  Institutes  ofHealth  under  Grant  IROl 
DK4201^1A1,  the  National  Science  Foundation,  and  the 
Robert  A  Welrdi  Foundation. 


Received  for  review  October  1,  1992.  Accepted  January 
12, 199a 


Reprinted  from  Aaelyticel  Chemietry,  1M2,  $4. 

Copyrifht  ®  1992  by  the  Americen  Cbemicel  Society  and  reprinted  by  permieeion  of  the  copyricbt  owner. 
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EleetrooxIdUable  ascorbate,  urate,  and  aeetamlnophon  ttiat 
Interfere  with  amperontetric  glucose  assays  are  oompletsly 
and  rapidhr  oxMbed  by  hydrogen  peroxide  In  a  muMayer 
electrede.  The  muMlayer  eleelrods  Is  composed  of  an 
bnmebMzed,  but  not  eleetricaly  “wtrsd",  horseradteh  parex- 
Maso  (HRP)  fim  coated  onto  a  flm  of  doctrlealy  “wbed” 
ghicoee  oxidase  (00).  The  “wired"  enzyme  Is  comected  by 
a  redox  epoxy  network  to  a  vitreous  carbon  olectrods.  The 
curronl  bom  the  elsetrooxidteabis  Merferanla  Is  decroassd 
by  thsb  peroxidaae-catalyzed  preoxidallon  by  a  factor  of  2S00, 
and  the  gkicose/lnlerferanl  current  ratio  Is  increased  10*> 
fold.  Undsabed  slectroreduetlon  of  hydrogen  psroxido  can 
resuN  when  HRP  Is  also  “wbed"  to  the  sisctrods.  Such 
unwanted  "wbbio”  is  orevsntedbv  btoomoraHna  nnolneMenbv 

wm  s  um  nn^^oo  ^w^s  ^s^sp  pim  vp  w^pssav^me  ue  w  gi^o^s  ^asastmp  wm  v  op^^^oeos  ^nsanssy 

bwulatbig  barrier  layer  between  the  wbed  00  flbn  and  the 
HRP  flbn.  The  hydrogen  peroxide  necessary  for  sambiaMon 
of  bderferants  can  be  added  extemaly,  or  whan  ttds  Is  not 
pessOls,  N  can  be  generated  bi  sNu  by  meaiw  of  a  couptsd 
enzyme  reaction. 


INTRODUCTION 

Eiectrooxidizable  biological  fluid  constituents,  such  as 
ascorbate,  urate,  and  acetaminophen,  interfere  with  the 
amperometric  assay  of  glucose.  Interference  is  not  restricted 
toaparticulartypeofglucosesensinganode.  It  is  encountered 
in  electrodes  diffusionally  mediated  by  or  ferrocene 

derivatives  and  in  electrodes  with  redox  polymers  that  relay 
electrons  from  FADHj  centers  of  glucose  oxidase  to  elec- 
trodes.’~*  In  the  latter,  interferants  are  electrooxidized  both 
at  the  electrode  surface  and  by  the  redox  polymer  that  is 
directly  electrically  connected  to  the  electr^e. 

In  hydrogen  peroxide  type  electrodes  the  selectivity  can  be 
improved  by  electrode  coatings  that  increase  the  overpotential 
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of  interferant  electrooxidation,  but  not  that  of  HjOj  oxida¬ 
tion;*  by  membranes  that  exclude  the  interferants  by  size  or 
charge;  and  by  preoxidation  of  interferants  at  a  separate  flow¬ 
through  electrode.  Yacynych  et  al.''^  showed  that  electztq;>o- 
lymerized  diaminobenzene  and  resorcinol  form  on  electrodes 
charge  and  size-excluding  films  that  are  H202  permeable,  but 
effectively  exclude  interferants  in  HjOr  type  glucose  sensors. 
Usinglow  (100)  molecular  weight  cutoff  membranea,Guilbault 
et  al.  excluded  from  surfaces  interferants  other  rbew  ace¬ 
taminophen.*  Lobel  and  Rishpon'*  and  Beh  et  aL“  used 
cellulose  acetate  as  an  exclusion  membrane.  Harrison  et  al** 
and  Bindra  and  Wilson**  used  Nafion-type,  sulfonated 
perfluorinated  polymers  for  exclusion  of  anionic  interferants, 
while  Gorton  et  al.  used  other  sulfonated  polymers  for  their 
exclusion.**  Breda  et  al.  preelectrooxidized  ascorbate  and 
urate  on  a  gold  minigrid,**  while  Yao  et  al,**  as  well  as  Okawa 
et  al,**  used  flow-through  electrolytic  oxidation  columns. 
Yao**  used  an  oxidizing  cupric  complex  containing  precdumn. 
Ascorbate  was  also  eliminated  through  its  ascorbate  oxidaae 
catalyzed  oxidation  by  Nagy  et  al**  and  by  Waqg  et  al** 
Here  we  discuss  horseradish  peroxidase  (HRP)  catalyzed 
preoxidation  of  interferants.  After  HRP  is  oxidized  by  HjOs 
it  rapidly  oxidizes  both  neutral  and  charged  interferants.  It 
does  not  oxidize,  however,  either  glucose  or  lactate  at  an 
qrpreciable  rate.  Peroxidases  are  well-known  catalysts  for 
oxidation  of  hydrogen  donors  (HA)  by  H202,  accepting 
electrons  flom  phenols,  amino  acids,  benzidines,  ascorbate. 
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onto,  and  NADR”-**  Tha  HRP-catolyMd  nactim  k 


2HA-t-H,Oi^2A-f2H^  (1) 

In  an  eariiar  oonununication**  «a  thowad  that  HRP  fihna 
on  ^uooaa  akctrodaa  aliminato  intorfannt'alactrooxidation 
cauaadcunranta.  Hara  wa  daacriba  ptocaaiaa  t<a  forming  tha 
HRP'baaad  intorfannt^luninating  fUma;  analyn  tha  pa- 
ninatan  affactinf  tha  activity  of  thaaa  fUma;  oonaidar  thair 
unvrantad  intanction  with  gluooaa  aanainf  layan,  haaad  on 
aioctrical  oonnaction  of  fluooaa  oiidaaa  ndoi  canton  to 
dactrodaa  thiou^  alactron-nlaying  radoK  potymar  natworka; 
daacriba  methods  internal  ganantion  of  HiOi  within  HRP 
films;  «>»■<•««—  tha  intarfaiing  paroxida  elactr(»aduction 
raactiQii;**~*and  daacriba  matluKls  for  making  alactrodea  that 
aia  more  salactiva  for  glucoaa. 

EXPERIMENTAL  SECTION 

Materials.  Tha  gluoose-sansing  electrodes  ware  made  with 
our  earlier  described  glucose  oxidase  'wiring*  cross-linkable 
polymer,  abbreviated  as  POs-EA.  The  polymer  bss  a  p<ty- 
(vinripyridine)  backbone  with  part  of  the  pyridinee  omiplexad 
to  [Oa(bpy)iCl]*/**  and  with  part  of  the  pyridinee  quatarnisad 
with  athylamina.**  Poly(vinyiimidaaola)  (PVI)  was  prepared 
aecwding  to  a  published  proc^ure.*  Glucose  oxidase,  GO  (EC 
1.1.S.4,  type  X,  128  units/mg),  hmaeradiah  peroxidase,  HRP  (EC 
l.lL1.7,typeI,86unita/mgortypeVI,260unita/mg),andcatalaae 
(BCl.ll.l.6,2^unUa/mg)werepurdiaaedfromSigma.  Lactate 
LOD  (from  pedioooccus  sp.,  33  unita/mg),  was  supplied 
by  Finnsugar.  Poly(ethylene  glycol)  diglycktyl  ether  (MW  400) 
was  purchased  from  Polyedenoea.  All  other  chemicals  wen 
the  purest  available  commercial  grade.  Glutaraldehyde  atock 
solutions  wen  pnpenduaing'graderaolutions  and  k^ftoaen. 
nesh  stock  atdutiona  of  ascorbate,  unte,  and  acetaminophen 
wen  prepand  daily  because  oftheir  gradual  decomposition.  Stoc^ 
solutkma  of  glucoae  wen  allowed  to  mutarotate  at  room  tem- 
pentun  for  24  h  befon  use  and  wen  kept  nfrigented.  Stock 
sriutkms  of  hydrogen  peroxide  wen  pnpu^  by  diluting  a  30% 
aohition.  The  HtO*  solutions  wen  noinudiaed  with  potassium 
permanganate.” 

Hie  working  electrodes  wen  3-mm-diametar  glassy  carbon 
rods  (Atomergic  V-10  gnde)  sealed  in  Teflon  or  glass  tubes  with 
epoxy  resin.  The  electrodes  wen  pntreated  by  sequentially 
ptUMliiiH  with  5.0-,  1.0-,  and  0.3-|tm  alumina  poi^er  on  a  doth 
frit,  sonicated,  rinsed  with  deionised  water,  and  dried  under 
nitrogen. 

Gtuooae-aensing  electrodes  wen  pnpared  using  a  sriution 
AtMitaininy  2  mg/mL  POs-EA,  0.12  m^i^  polyCetbylene  glycol) 
diglyddyi  ether,  and  I  mg/mL  glucose  oxidM  in  a  6  mM  pH  7.8 
HEPES  buffer  button.  The  polisbedriectiode  was  coat^  with 
a  2-aL  droplet  of  this  mixtun.  The  coating  was  cured  for  48  b 
unte  vacuum  at  about  10  Torr. 

To  make  the  otherwise  large  pon  sixe  glucose-sensing  redox 
polymer  network  impermeable  to  peroxidm,  the  electrode  with 
elf  — Miny  layr  —  ftirthr  mtam  hy  Hipping  in  a  0.7R9, 

^utsffaUehyde  sriution  fm  5  s  and  then  rin^  with  a  phosphate 
buffer  aohirion.  The  barrier  layer  between  the  sensing  ud 
faterferant-riiminating  layen  was  made  of  a  solution  containing 
10  mg/ mL  PVI  and  2  mg/mL  ethylene  glycol  diglyddyi  ether.  A 
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ngwe  1.  Cyc6c  voRammograma  o(  an  HRP-ooaled  tfaasy  carbon 
slecbode  In  1.0  mM  htarferanl-oorrtalnlns  sohiOon  In  tt«e  abeanea  of 
HrO»and(a)acalamlnophan;(b)iaata;(c)aaoort>ale:(Dln8iepteeanoe 
of  1.0  mM  HiOa  and  irate.  Scan  nsle  10  mV/s. 

2-mL  droplet  of  this  solution  was  applied  to  the  glucoae  sensing 
li^vr  and  was  cured  for  48  h  under  vacuum. 

Electrodes  were  made  with  HRP  films  immobilised  (a)  directly 
on  tha  priisbed  electrode  surface,  (b)  on  the  sensing  layer  covered 
riectrode  after  making  the  sensing  layer  impermaal^  to  HRP 
with  glutaraldehyde,  and  (c)  on  the  electrode  surface,  coated 
first  with  the  sensing  and  thui  with  Uie  barrier  layer.  llisHRP 
was  immobilised  by  one  of  two  methods:  one  using  glutaralde¬ 
hyde.*' the  other  involving  NalOi  oxidation.'*  Wbenriutoral- 
d^yde  was  used,  6  pL  of  an  HRP  (type  1)  solution  (100  aag/mL 
in  a  0.1  M  pH  7.3  phosphate  buffer  containing  6  mg/mL 
glutaraldehyde)  was  applied  and  left  to  air-dry  and  cure  for  2  h. 
When  the  periodate  method  was  used,  60  pL  of  a  12  mg/asL 
NalOi  solution  was  added  to  100  mL  of  an  HRP  (type  VI)  solution 
(20  m^mL  in  0.1  M  sodium  Mciubonate)  and  incubated  in  the 
dark,  at  room  temperature,  for  2  h.  Alter  incubation,  10  sL  of 
the  oxidised  ensyme  sriution  waa  spread  on  the  surfiaoe  of  the 
electrode  and  alkmed  to  dry  and  cure  for  2  h. 

LOD  containing  HRP  layers  were  prepared  by  co-immofailisiag 
LOD  with  HRP  using  the  above  glutaieldehyde  method  except 
that  the  HRP  solution  now  contained  also  100  aag/mL  LOD. 

Measurementa.  Electrochemical  experimHits  were  per¬ 
formed  with  a  Princeton  ^iplied  Research  Model  273  poton- 
tiostat/galvanootat  Rotating  disk  electrode  experiments  ware 
performed  with  a  Pine  Instruments  AFMSRX  rotator  with  an 
MSRS  speed  controller.  The  three  electrode  cell  contained  0.1 
M  NaCl  buffered  with  pho^hate  (0.1  M,  pH  73)  coated  as  needed. 
Saturated  calomel  referenoe  (SCE)  and  platinum  wire  auxiliaiy 
electrodes  ware  used.  All  measurements  were  under  air  and  at 
room  temperature.  The  working  electrode  was  rotated  at  1000 
ipm  unkas  otherwise  qiecified.  In  the  constant  potential 
experiments,  the  wwking  electrode  was  poised  at  0.4  V  (SCE). 

RESULTS  AND  DISCUSSION 

HRP  Catalysis  of  Oxidation  of  latorforaats  by  HsO|. 
Figure  1  shows  cyclic  vritanunograms  of  the  HRP  film  coated 
glassy  carbcm  electrode  in  sriutiona  with  10^  M  aoetemi- 
nophen  (a),  urate  (b),  or  ascorbate  (c)  but  no  HiOt,  and  also 
in  a  10~*  M  urate  and  10^  M  HjOj  containing  sriutkm.  Hie 
olectrooxidatiiHi  of  urate,  as  well  as  that  of  the  other 
intorferante  (not  shown),  is  completely  auppieeeed:  the 
intorferant  electrooxidati<m  currente  reversibly  re^ipear/ 
diaappear  in  sriutiona  without/with  HKlt-  In  otmtrols,  where 
the  HRP  is  replaced  by  albumin  in  the  imniobiliaed  film,  the 
electrooxidation  currents  do  not  decreaae  upmi  addition  of 
H|Os.  InexperimentswithHRP-ooatodelerirodee,deoom- 
pooitiMi  of  the  peroxide  by  a  small  amount  of  catalaae  cauaoa 
reappearancerithe  intorferant  electrooxidation  wavee  as  doaa 
addition  of  aside,  a  peroxidase  inhibitor.  We  conclude  from 
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Hguraa.  EfeNnetion  of  the  esoartMte  eieclrooxidetlon  oerent  ki  an 
HRP-ooated  (^uoy  cartwn  oNrtode.  “A*  denotM  in|ec6on  of 
—eh  In^eflon  Incraesing  ka  eoweenfreflow  by  0.1  mM:  HtO> 
denotes  mjec^  of  hydrogen  poroxUs.  each  kijectlon  ktoreeslna  ta 
oonoamralion  by  0.2  itM.  Qassy  carbon  alacbode  0.4  V  (SCE). 
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ngwaS.  Partial  alminatkm  of  asoorbata  wtth  a  Ighliy  loaded  (60 
laids/cin')  HRP  alactrada.  “A”  danotas  kijaclion  of  aaoorbata  (0.1 
mM  final  ooncanbatlon);  “HjO]'  denotes  bijactkm  of  H1O2  (0.2  rnM 
Onal  conosntratlon).  Oisssy  carbon  electrods,  0.4  V  (SCE). 

these  experiments  that  elimination  of  the  interferants  requirae 
both  and  peroxide. 

Because  our  purpose  was  to  improve  the  selectivity  of 
glucose  electrodes  made  by  wiring  glucose  oxidase  to  a  tlvee- 
dimensional  POs-EA  bound  redox  epoxy,**  moot  of  our 
measurements  were  at  0.4  V  (SCE),  the  plateau  potential  of 
these  electrodes.  Figure  2  shows  tlm  steady-state  current  of 
the  HRP  film  coated  electrode  poised  at  this  potentiaL 
Injection  of  ascorbate  (“A”)  causes  the  appearance  of  an 
oxidation  current  that  disappears  upon  addition  of  excess 
H202.  Further  ascorbate  additions  have  no  effect  on  the 
current  u  long  as  the  peroxide  is  not  exhausted.  The 
experiment  of  Figure  2  was  performed  with  an  electrode 
heavily  loaded  with  HRP.  In  this  electrode  interferant 
elimination  was  not  controlled  by  the  amount  of  enzyme,  but 
by  the  ratio  HjOj  to  interferant  At  low  HRP  loadings,  the 
elimination  reaction  is  controlled  by  the  HRP  activity  of  the 
film  and/or  by  masa  transport  of  the  reactants. 

'H)  examine  the  effect  of  HRP  loading,  a  series  of  electrodes 
with  increasing  HRP  loadinp  was  prepared.  The  loadings 
were  diosen  to  be  sufficiently  light  to  allow  only  partial 
elimination  of  the  aacturbate  even  in  the  presence  ai  excess 
HjOj.  Figure  3  shows  that  an  electrode  loaded  with  only  60 
unita/cm*  HRP  does  not  completely  eliminate  interfarence 
by  0.1  mM  aaccnbate.  Results  obtained  for  a  series  of 
electrodes  with  HRP  loadings  between  0  and  180  units/cm'* 
are  summarised  in  Table  L  Loading  of  180  units/cm**  is,  as 
seen,  necessary  to  completely  eliminate  interfarence  by  0.1 
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Table  I.  Eflieet  ef  HEP  Leading  ea  the  EfCsettvenaae  af 
EUadaatlea  Aseerhate 

HRP  (unita/em*) 

/a*(mA) 

WImA) 

%  alimwmtinn 

0 

3.48 

3.48 

0 

16 

1.67 

1.N 

16 

so 

1.22 

0.78 

23 

46 

OAO 

0.47 

44 

60 

&74 

0.34 

62 

80 

0.86 

ai6 

74 

160 

0016 

0.08 

M 

180 

0.48 

0.00 

100 

■/a.  current  maaaurad  for  0.1 

mM  aaoorbata.  *  /at.  currant 

measured  for  0.1  mM  ascorbate  and  0.2  add  HrOj. 


Table  II.  Effect  of  EetetloB  Rate  ea  the  Bffectlveaeaa  af 
EUmlaattea  ef  Ascorbate 


i«(rpm) 

/a*(mA) 

/ap*(mA) 

%  elimination 

0 

0.27 

0.09 

68 

10 

0.62 

0.32 

39 

20 

0.66 

0.42 

36 

60 

0.86 

0.60 

30 

70 

035 

0.67 

29 

100 

1.04 

0.76 

27 

200 

133 

0.94 

23 

600 

1.47 

1J» 

18 

700 

1.66 

1.30 

17 

1000 

1.67 

1.39 

16 

2000 

1.89 

1.69 

16 

4000 

138 

1.73 

13 

*  /a,  current  measured  for  0.1  mM  ascorbate.  *  /at,  eurront 
measured  for  0.1  mM  ascorbate  and  0.2  mM  H|0|. 


mM  ascorbate.  From  Table  I  it  is  also  evident  that  as  the 
HRP  layer  thickness  increases  the  electrooxidation  current 
of  ascorbate  decreases  even  in  the  absence  H|Oi  for  the 
obvious  reason  that  transport  of  ascorbate  to  the  electrode 
isreduced.  As  expected,  when  the  eliminatioo  is HRP-loading 
limited,  increasing  the  hydrogen  peroxide  concentratioo  does 
not  decrease  the  interferant  electrooxidation  current.  On 
the  contrary,  because  HRP  u  inhibited  by  excessive  HjOt 
concentrations,  the  interferant  oxidation  current  incraaaw 
rather  than  decreases  at  high  H}02  concentrations.  As  a 
consequence,  and  as  seen  in  Figure  3,  when  the  electrode  is 
HRP-limited,  injection  of  a  large  excsM  of  H|Os  causM  first 
a  dn^,  then  an  increase,  in  the  interference  current  This 
increase  reeults  from  the  buildup  of  the  HjOi  concentration 
to  an  inhibiting  level  after  the  ascorbate  baa  been  d^deted. 

The  extent  of  the  ascorbate  elimination  is  mass  transfer 
dependent  in  HRP-loading  limited  (15  units/cm~*)  electrodes 
(Table  n).  An  increase  in  electrode  rotation  rate  now  results 
in  an  increase  in  the  ascorbate  oxidatkm  current  both  in  the 
absenceandinthepresenceofHiOt.  At  higher  Totatkm  rates 
the  electrode,  limited  by  its  enzyme  loading,  cc^ws  only  with 
a  decreasing  fraction  of  the  arriving  aacwbate. 

As  seen  in  FigurM  2  and  3  the  ascorbate  electrooxidatioo 
current  appears  nmsy,  even  though  our  system  is  not  Hm 
noise  suggests  that  the  electrooxidation  ^  ascorbate  mi^ 
be  chaotic  or  osdllatoiy.*  Elimination  of  ascorbate  by 
peroxide  causes  disappearance  of  the  "none”. 

Figure  4  shows  a  family  of  ‘Stratum'*  curvw  of  ascorbate 
byHtOs.  Elimination  of  interference  by  increasing  concea- 
tratimis  of  ascorbate  raquirea  increasing  ccmoentrations  of 
peroxide.  Because  complete  elimination  of  ascorbate  at 
concentrations  exceeding  8  mM  requires  H3O1  ccmeentratiano 
above  HRP  inhibiting  levels,  it  cannot  be  accmnplished  using 
HRP,  though  noninhibitedperosddases  are  likely  to  eliminate 

(36)  Labuda,  Ya.;  YatnminUL  K.  B.  Trcr.  S»»p.  XUm.  INI, 27, 36- 
46. 
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(B)  0.1  mM;  (b)  0.2  niM:  (c)  0.3  mM;  (d)  0.5  mM;  (•)  1.0  mM;  (f)  2.0 
mM;  (g)  4.0  tiM,  (h)  8.0  mM;  (1)  20.0  mM:  (0  40.0  mM. 

ccmcentrated  inteiferanto.  Interference  by  aecorbete  con¬ 
centrations  below  8  mM  is  completely  eliminated  with  HRP 
films.  Becauseonlytheinterferant/HjOsratiointhesolution 
is  known,  and  the  critical  interferant/HiO^  ratio  in  the  film 
is  not,  we  observe  variations  between  electrodes  having 
different  mass  transfer  characteristics. 

In  order  to  determine  the  upper  limit  of  the  interferant 
elimination  capacity  of  HRP  films,  an  electrode  with  a  high 
loading  of  enzyme  was  prepared.  In  this  electrode  addition 
of  H2O2  decreased  the  ascorbate  electroozidation  current  by 
a  factor  of  >2500. 

Proceaaea  for  HRP  ImmobillzatloB  in  Films.  With  the 
objective  of  simultaneously  c^timizing  specific  activity, 
permeability,  and  mechanic^  ruggedness,  while  not  harming 
the  underlying  glucose-sensing  layer,  we  evaluated  several 
prooeasea  for  making  HRP  films.  After  a  preliminary  survey 
wt  narrowed  the  immobilizatitm  processes  to  (a)  cross-linking 
with  glutaraldebyde;  (b)  perio^te  oxidation  of  HRP  oli¬ 
gosaccharides  to  ^dehydss  and  coupling  with  polyacrylamide 
hydrazide;*^  and  (c)  self-cross-linking  of  the  periodate- 
oxidized  HRP  through  formation  of  Schiff  bases  between  the 
HRP-<^igoeaccharide-derived  aldehydes  and  HRP-amines, 
such  as  lysylamines.  The  second  and  third  method  yielded 
smoother  and  better  films.  Glutaraldebyde  cross-linking, 
though  widely  practiced,  causes  a  greater  loss  in  enzyme 
activity  than  periodate  oxidation  to  HRP  polyaldehyde, 
followed  by  formation  of  either  ptdyfacrylhydrazones)  or  lysyl- 
Schiff  bases.  The  films  made  of  the  HRP  polyaldeh^e 
adhered  well  to  both  uncoated  and  variously  polymer  coated 
electrodes  and,  unlike  the  glutaraldebyde  filiu,  did  not  crack 
duringtheirdryingandcuring.  The  periodate  process  yielded 
the  best  films  for  HRP  type  VI,  while  with  the  glutaraldehyde 
process,  the  beat  reeults  were  obtained  for  HRP  type  I.  The 
difference  might  be  associated  with  differences  in  the  amount 
or  dktribution  ci  oligosaccharides  in  the  various  HRPs. 

IntaraetioB  between  the  Glacoee-Senaing  and  the 
Intarferaat-EUmlaatinf  Layers.  Figure  5  shows  cyclic 
vottammograms  for  an  electrode  modified  with  a  ^ucose- 
aenaing  film  ctmsisting  of  a  three-dimensional  redox  epoxy 
gd,  formed  <tfPOs-EA  and  glucose  oxidase  upon  cToaa-linking 
ari^PEGDE.**  It  is  seen  that  in  the  0.4-0.5V(SCE)  plateau 
and  under  the  conditions  of  the  experiment,  the  cumnt 
increment  aasociated  with  5  mM  glucose  can  be  exceeded  by 
that  asaodated  with  0.5  mM  ascorbate.  This  is  also  the  case 
foracetamuK^henandfOTurate.  Evidently  electrooxidation 
of  the  three  interferants  takes  place  not  only  at  the  carbon 


<36)  Nakans,  P.  K.;  KawaoL  A  J.  Hittoehtm.  Cytoehcm.  1874,  22, 
1084-1081. 

(37)  O’ffltamMwy,  D.  J.;  WOchak,  M.  AnaJ.  Bioehem.  1888,  W.  1-0. 


Plgure  8.  CycSc  voRanwnograms  (a)  in  phosphate  buffer,  (b)  eOh 
added  S.O  inM  gSiooae;  (c)  wNh  S.O  mM  gkjooae  and  O.S  mM  asoorbaie. 
POe-EA/QO  ahc^odt:  scan  late  2  mV/s. 


TIME  (seconds) 


ngweo.  Ctarant  reversal  upon  addrig  HtPt  In  an  electrode  havtno 
a  POe-EA/GlO-asnsing  layer  coaled  wOh  an  HRP  layer.  “A"  denotes 
b^ecOon  of  ascorbate  (0.1  mM  flnal  concentration);  denotes 
b^ecHon  of  hyibogon  peroxide  (0.2  mM  final  oonosntratlon).  0.4  V 
(8CE). 

surface,  but  also  in  the  electron-relaying  glucose-sensing  layer. 
While  the  rate  of  electrooxidation  of  glucose  can  be  limited 
by  the  rate  of  electron  transfer  between  enzyme  FADH2 
centers  aiul  that  fraction  of  the  osmium  centers  that  are  in 
their  proximity,  electrooxidation  of  the  interferants  proceeds 
at  any  <rf  the  osmium  centers.  Therefore,  its  rate  can  be  high. 
Hus,  combined  with  the  higher  concentration  of  anionic 
interferanta  in  the  polycationic  polymer,*  aggravates  the 
problem  of  interference.  Fortunatdy  the  interference  is 
completely  eliminated  in  HRP  film  coated  electrodes,  as  will 
be  seen. 

When  an  arbitrary  HRP  film  is  coated  on  the  glucoee- 
sensing  electrode  and  the  current  aasociated  with  electroox¬ 
idation  of  ascorbate  is  measured  (Figure  6),  additum  of  H2O2 
not  only  suppresses  ths  anodic  ascorbate  current  but  reveiase 
it,  producing  a  cathodic  current  Thus,  interference  through 
electrooxidation  of  ascorbate  is  now  replaced  by  interference 
thiougfaelectrofeductionofHfOs.  HraHjOielectioceductioD 
current  is  seen  also  in  the  absence  of  asccmbete,  but  not  in  the 
absence  of  either  the  HRP  or  a  ledox-polymer  network. 
Furthermore,  HRP  film  mediated  electroreduction  at  HjOj 
takes  place  whether  the  HRP  and  the  redox  epoxy  films  are 
mixed  w  separated,  as  long  as  the  two  contact  each  other. 
Even  looeely  adsorbed  HRP  on  the  redox  polymer  produces 
a  cathodic  HjOi  electroreduction  current  Dipping  of  the 
POs-BA  redox  epoxy-modified  electrode  in  an  H^  sdution 
for  a  few  minutes  and  rinsing  also  produces  an  electrode 
shosring  a  cathodic  current  We  thus  conclude  that  the  HRP 


(38)  Wang,  J.;  (MdsB.  T.;  TuiU,  P.  AnaL  Chm.  1887, 58, 740-744. 


AHM.YTICAL  CHEMISTRY,  VOL.  M.  NO.  23.  DECEMBER  1,  13S2 


3 


i 


I 

3 


ngm  7.  Reduction  of  hyttogen  peroxide  on  a  t¥r»fayer  elecirode 
havino  a  POe-EA/OOniencIno  layer  coated  with  enHRP  layer.  Cycle 
uokammograim  (a)  In  a  phoaphate  tHjffar  aokjllon;  (b)  with  added  HtOj 
(0.1  mM).  Scan  rate  2  mV/a. 

molecule  (MW  40  000)  can  penneate  into  porea  of  the  redox 
epoxy  network  when  these  are  sufficiently  large. 

Permeation  of  the  HRP  into  POs-EA  is  suggested  by  the 
following  comparative  experimenta  Two  five^lectrode 
batches  of  thick-layer  POs-EA  electrodes  were  prepared  (a) 
with  HRP  and  (b)  with  bovine  serum  albumin  (BSA).  The 
BSA  electrodes  were  then  dipped  in  an  HRP  containing 
solution  for  3  h.  The  peroxide  response  of  the  two  batches 
became  similar.  In  a  control  experiment  two  thick-layer  POe- 
EA  electrodes  were  prepared  (a)  with  (K)  and  (b)  with  BSA. 
The  BSA  electrode  was  dipped  in  a  GO-containing  solution 
for  24  h.  The  glucose  response  of  the  BSA  electrode  was  still 
an  order  of  magnitude  smaller  than  that  of  the  GO  electrode. 
The  difference  between  the  first  and  second  set  of  experiments 
is  explained  by  the  difference  in  the  size  of  HRP  and  GO.  GO 
being  a  larger  enzyme  (MW  160  000)  permeates  less  into  the 
POs-EA  network  when  the  BSA  electrode  is  dipped  in  the 
GO-oontaining  solution.  It  is  adsorbed  only  on  the  outer 
surface  of  the  POs-EA  layer  and  is  thus  poorly  *wired*.  HRP, 
being  a  relatively  small  enzyme  (MW  40  000),  permeates  into 
the  POs-EA  network  when  the  BSA  electrode  is  dipped  in 
a  HRP-oontaining  solution.  The  enzyme  penetrates  into  the 
POs-EA  film  and  is  well ’Vired”.  The  permeability  of  POs- 
EA  films  to  HRP  was  also  seen  in  experiments  where  the 
usual  diepoxide  cross-linker  PEGDGE,  with  nine  ethylene 
glycol  units,  was  replaced  by  a  short  analog,  MEGDGE, 
monoethylene  glycol  diglycidyl  ether.  Similar  electrodes  were 
prepared  with  POs-EA,  BSA,  and  either  MEGDGE  or 
PEGDGE.  The  electrodes  were  cured,  exposed  to  HRP,  and 
then  poised  at  400  mV  in  the  presence  of  H202.  Thecathodic 
HjOj  reduction  current  of  the  electrode  with  the  long  cross¬ 
linker  was  5  Umes  higher  than  that  of  the  short  cross-linker. 
These  results  suggest  that  the  more  tightly  cross-linked  redox 
gel  obtained  with  the  short  cross-linker  is  leas  permeable  to 
the  HRP.” 

Figure  7  shows  cyclic  voltammograms  of  the  POs-ElA  redox 
epoxy  modiHed  electrode  coated  with  an  electrically  cob- 
tacti^  HRP  film  in  the  absence  of  hydrogen  peroxide  (a) 
and  in  its  presence  (b).  H2O2  electroreduction  commences  at 
40.45  V  (SCE)  and  reaches  its  plateau  already  at  a  potential 
as  positive  as  40.3  V  (SCE).  liiis  obviously  electrocatalytic 
reduction  of  H202  involves  multiple  steps,  summarized  by 
reactions  2  and  3. 

HRP 

20b*^  4  HjOj  4  2H^  ^  20s*^  4  2HjO  (2) 

Oe*^4e'  — Oi**  (3) 

Diffuskmal  redox-oouple  mediation  oi  the  reductiim  ctf 
hydrogen  peroxide  by  peroxidases  is  well  established  and 


ngurel.  'nvee layers eleOode tor imefteranl eimfcsnion.  Abantsr 
layef  elsctricsiy  Hsulales  the  tfucose  sensing  layer  Irornkwlntsiletwa- 

atoSnallng  layer. 

forms  the  basis  of  peroxide-redudng  electrodos.*-^  Hare 
the  redox  polymer  network  catalysed  electroreduetkm  in¬ 
terferes  with  the  assay  glucose,  lowering  the  ^uooee  elac- 
trooxidation  current. 

We  overcome  the  electroreduction  of  HjOj  by  either 
electrically  insulating  the  HRP  film  ffom  the  GO-redox 
polymer  film  or  by  poising  the  electrode  (and  thus  the 
electricaUy  connect^  network  of  the  glucose  sensing  film)  at 
a  sufficiently  oxidizing  potential,  where  H]02  is  no  longer 
catalytically  reduced.  This  potential  is  near  0.5  V  (SCE) 
(Figure  7).  Because  0.5  V  (SCE)  is  also  near  the  threshdd 
for  electrooxidation  of  HjOi,  electrical  insulation  by  a  barrier 
film  is  preferred  for  the  most  accurate  glucose  amays  of 
biological  fluids.  In  less  demanding  assays,  poising  the 
electrodes  at  0.5  V  (SCE)  is,  however,  simple  1^  adequate. 

An  electrode  with  an  insulating  barrier  layer  is  shown 
schematicalfyinFigureS.  Ideally,  the  insulating  barrier  layer 
will  fully  cover  the  surface  of  the  sensing  redox  matrix,  but 
will  not  be  thick  enough  to  substantially  slow  glucose  transport 
tothesensinglayer.  Insulating  films  made  of  ceUukee  acetate, 
Nafion,  and  polypyrrole  formed  respectively  by  spin  coating, 
casting,  or  electropolymerization  were  tested.  These  did  not 
perform  well:  the  HjOt  reduction  current  was  only  partially 
suppressed  and  the  glucose  current  was  considerably  dimin¬ 
ished.  A  good  barrier  layer  was,  however,  prepared  by  cross- 
linking  poly(vinylimidszole)  with  ethylene  glycol  diglycidyl 
ether.  The  resulting  gel  effectively  prevented  electrical 
contact  between  the  sensing  layer  and  did  not  exceasively 
reduce  the  catalytic  glucose  electrooxidation  current 

Another  method  of  avoiding  the  electrical  contact  between 
the  glucose-sensing  layer  and  the  HRP  Him  invtdves  tnmlnng 
the  redox  polymer  containing  layer  impermeable  to  HRP. 
When  a  POs-BA/GO/PEGDGE  electrode  was  additionally 
cross-linked  with  glutaraldehyde,  the  electrode,  when  poised 
atO.4  V  (SCE),  did  not  show  a  cathodic  currant  in  the  presence 

H2O2  after  exposure  to  HRP.  Evidently  direct  electrical 
communication  between  the  redox  polymer  and  HRP  requires 
proximity  of  segments  of  the  two.  Exposure  of  the  Os  redox 
polymer  to  glutaraldehyde  cross-links  the  matrix  sufficiently 
to  prevent  diffusion  of  the  40  kDa  HRP  into  the  three- 
dimensional  epoxy  matrix.* 

Interferant-Insensitive  GIncose  Electrodes.  The  just 
described  results  show  the  feasibility  three  types  of 
interferant  eliminating  electrodes  that  do  not  electrmeduce 
HjOj;  (a)  two-layer  electrodes  poised  at  0.4  V  (SCE)  with  the 
sensing  layer  cross-linked  and  made  HRP-impermeable  by 
glutarald^yde;  (b)  two-layer  electrodes  poised  at  0.5  V  (SCE); 
and  (c)  three-layer  electrodes  with  a  PVI-based  electrically 
insulating  barrier.  The  ^ucose  response  of  s  tsro-layer 
electrode  of  the  second  type  is  shown  in  Figure  9.  In  the 
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npn  t.  Bfcntwitlon  of  MorfOrania  In  a  Iwo-layar  alaOoda.  “A'* 
dmolaalnlacflon  of  aaoorbala(0.1mM  final  oonoanMlon);‘V~danolM 
miaolton  of  hydrDganporo)clda(0.2nnM  final  oonoonaa1tonk‘‘Q‘‘donolao 
kfioclion  of  (^uooaa.  Incraaitno  Ka  oonoanOatlon  In  1 .0  mM  atapa.  O.S 
V(8CE). 


ngara  10.  Effact  of  addkis  fiyi0ogan  paroxkta  on  0w  oaranf  of  a 


TIME  (aaconds) 

nguralt.  Bknlna0onofaacortala0)rou|^lnafcipn>duc>onoflnolBla 
in  a  ffraa  layar  afacfroda  having  an  hfarfaranl  aMnafIng  layar  wfti 
MhHRPandLOD.  *A*danolaaanln|acilooofanco>bafaiolneraaaa 
Ma  oonoanaatton  by  0.1  mM  atapa;  X"  danolaa  an  IntacOon  of  laelBla 
to  Incraaaa  Ra  ooncanbaflon  by  0.1  mM.  0.4  V  (8CE). 


0  2  4  6  B  10 

[Glucoss]  (mM) 


ttvaalayort  afacfroda:  adMano  of  0kiooaa(SmM  final  oonoantratlon) 
“O'*  and  aaoorbata  (0. 1  mM  final  oonoaniraflon)  “  A”  (a)  In  fha  praaanoa 
of  and  (b)  In  ttw  abaanoa  of  HiOa  rr).  0.4V(SCE). 


0  4  8  12  16  '  20 


((SlucosaJ  (mM) 

npaall.  DapandanoaoffhaalacbocalalyfIctfuooaaoiddBffonctaiant 
daraRyon^uooaaoonoanlradon:  MbIoyorofocbodoIndiaprooonoa 
of  hydrogan  poroaMa  (0.S  mM)  and  phyatatogleaf  lavaia  of  IMarfaranta: 
taaocrtMal  •*  0.1  mM,  [laaia]  »  0.S  mM.  [acatamhophan)  ■  0.1 
inM^  <bj  Mk^  afacfroda.  no  Marfaranta;  (c)  uncoafad  afacfroda,  no 


ngwalO.  Dapandaocaoffhaafacbocafalyllcoiddaflonoatanidanally 
an  gtooaa  concanlraflon  In  an  HRP/LOfVooafad  alacboda:  (a)P)ln 
fha  praaanoa  of  lacfafa  (0.S  mM)  and  phyalotogical  lavala  of  fhraa 
bdorforanta:  [aaoorbata]  •  0.1  mM,  [laala]  ■  0.5  mM,  (aoainmi* 
nophan]  •  0.1  mM;  (b)  (•)  In  fha  abaanoa  of  imortaranla. 


**”********”***"” *”*****“^  MgawlO.  Effact  of  catafaaa  on  Ota  oMiwllon  of  aaootbala  by  «f 

langa.  0.5V(8CE).  kiloriarantoimfnaflng layar oontaMngHRPofrOnmoMbadwMiLjOD: 


pnaaaoa  of  HiOi  oo  aacwbate  Tolatad  current  ia  aaan  while 
thariaetiiiiateliaat  Figure  10  ahoarareaulta  obtained  with  an 
aiectiode  of  the  firat  type,  having  a  glutaraldehyde-treatad 
aanaing  layer,  coated  arith  an  HRP  fihn.  In  the  preaence  of 
HyOj«dy|Iuoooaiaelactiooiidiaad,andthenieaBuredcuinot 
ia  dependent  only  on  ita  ooooantratimt.  In  the  abaance  of 
HiOi  both  ^uooaa  and  aaoorbata  are  elactrooziduad,  and  the 
meaaured  currant  refleeta  the  omnldned  elactroozidation  of 
^ucoaaandaaeorfaate.  Similarraaultawereobtainedforurate 
and  acataminopheii. 


laciala  oiddaaa  catalyzad  ojddBOon  of  iBcMa  by  Of. 

Figure  11a  ahowa  the  i^uooee  reepraae  of  a  two>l^er 
electrode  in  the  preaence  of  aD  three  interferanta  (aacorbata, 
urate,  and  acetaminophen)  at  their  phyaidogical  laveb. 
Compariaon  of  thia  reqwnae  curve  frith  that  obtained  in  the 
abaance  of  interferanta  (Figure  11b)  ahowa  that  the  electrode 
ia  totally  inaenaitive  to  theae  common  elactroozidizablo 
interferanta.  ThepreaanoeorabaanceofHiOtdoaanotaffect 
the  glucoaa  currant  itaalf,  proving  that  gluooae  ia  not  ozidiiad 
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at  to  appradable  rata  by  H2O2  io  tha  HRP  film.  Figure  11c 
■howitheglucoaareaponaaof  tbaFiguie  llaelectrode  before 
it  was  coated  with  the  peroxidase  layer.  The  HIU*  layer  slows 
the  diffusion  and  decreases  the  current  response.  Asarasult, 
the  apparent  Michaelis  cemstant^  of  t^  electrode  (Kt^ 
increases  from  18  mM  for  the  uncoated  electrode  to  25  mM 
for  the  coated  one.  Optimixationofthe  thickness  of  the  HRP 
layer  thus  involves  a  compromise  between  completeness  of 
interferant  elimination,  requiring  thicker  filins,  and  fast 
response,  requiring  thinner  ones. 

Stability.  The  interferant^limination  capability  of  HRP- 
coated  electrodes  remains  unchanged  for  2  months  of  repeated 
use  when  the  electrode  is  stored  in  air  at  room  temperature 
between  the  measurements.  The  stability  is  attributed  to 
the  initial  excess  HRP  activity  of  the  films.  Because  the 
initial  activity  is  higher  than  essential  for  eliminating  the 
interferants,  the  HRP  films  retain  adequate  activity  even 
after  their  partial  deactivation. 

Built-In  Sources  of  H|Oi.  While  addition  of  HjOa  is 
feasible  in  clinical  and  labmatory  analyzers,  it  is  inappropriate 
for  either  disposable  sensors  or  in  sensors  operating  in  vivo. 
These  require  a  built-in  source  of  peroxide. 

Hydrogen  peroxide  is  the  oxidation  product  of  oxidase- 
catalyzed  reactions  of  molecular  oxygen  and  substrates,  e.g. 
lactate.  Thus,  lactate  oxidase  (LOD)  mediates  the  oxidation 
of  lactate  by  oxygen,  the  products  being  pyruvate  and  HjOj 
(eq4).  Tbe  in  situ  generated  HjOj  is  adequate  for  eliminating 
interferants.  At  the  concentration  of  lactate  in  phyuological 
fluids  (0.6-1.8  mM),*’  enough  HjOj  is  produced  to  oxidise  all 
the  interferants  at  their  physiological  concentrations. 

LOD 

2CH,CH(0H)C00+0,  —  2CH,COCOO' +  HjO, 

(4) 

Figure  12  shows  the  results  obtained  with  an  electrode 
•imilar  to  the  one  used  in  the  experiment  of  Figure  10  but 
having  LOD  oo-immobilized  with  HRP  in  its  outer  film. 
Successive  additions  of  lactate  ("L”)  eliminate  equivalent 
amounts  ascorbate  (“A”).  When  this  electrode  was  used 
in  a  solution  containing  physiological  leveb  of  the  interferants 
(0.1  mM  asombate,  0.5  mM  urate,  0.1  mM  acetamim^ben), 
as  well  as  physiologica)  levels  of  lactate  (0.5  mM)  and  ^uooee, 
the  measured  current  was  proportional  to  the  glucoae  con- 
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centration  only,  i.e.,  was  that  measured  in  the  absence  of  any 
of  the  interferants  (Figure  13). 

The  simultaneous  presence  of  several  enzymes  and 
different  reaction  pathways  employing  common  reagents 
creates,  at  least  in  principle,  the  possibility  of  new  interfering 
or  competing  reactions.  Lactate  oxidase  has  been  wired  by 
the  osmium-based  redox  polymer,  and  its  films  have  been 
used  in  determining  lactate  concentration.**  Hius,  the  direct 
electrooxidation  of  lactate  must  be  prevented,  ie.,  the  barrier 
layer  must  also  isolate  the  LOD  from  the  electron  rriays.  The 
earlier  discussed  phyucal  isolation  methods  are  adequate  for 
this  purpose.  No  lactate-associated  currents  are  observed  in 
electiodeothatdonotelectr(HeduceH20j.  A  secondary  cause 
ot  interference  can  be  the  change  in  oxygen  partial  pressure, 
through  the  oxygen  being  consumed  by  lactate  (eq  4)  and  the 
Osdll)  centers  and  Oj  competing  for  glucose  oxida^FADH! 
electrons  (eq  5).  We  find,  however,  that  the  redox  ^^ny 
wired  glucose  oxidase  electrode  is  insensitive  to  changes  in 
oxygen  partial  pressure  or  lactate  concentration.  Raisingthe 
lactate  concentration  to  1.5  mM  changes  the  electrocatalytic 
oxidation  current  of  glucose  (5.0  mM)  by  leas  tliai>  2%. 

GO-FADHj  0,  —  (X)-FAD  +  H,0,  (6) 

As  seen  in  Figure  14  the  initially  generated  Hs02  is  not 
decomposed  by  external  catalase,  a  cmnmon  enzyme  in 
physiological  samples.  The  figure  shows  that  the  LOD-HRP 
film  coated  elective  rejects  ascorbate  either  up<m  iqjecting 
H1O2  (a)  or  lactate  (b).  But  the  subsequent  addition  ot 
catalase  (100  units)  affects  the  ascorbate  rejection  only  when 
H|Ot  is  externally  added  (a),  not  when  it  is  internally 
generated  (b).  Wlmnascmbate  is  rejected  by  adding  lactate, 
the  addition  of  catalase  does  not  cause  a  change  in  the  current 
However,  when  aaewbate  is  eliminated  by  adding  HiOi, 
addition  ot  catalase  results  in  a  gradual  recovery  of  the 
oxidation  current,  until  it  eventually  stalnlizao  at  tha  kvel 
observed  prior  to  the  addition  of  HiOj.  llie  slow  current 
increase  reeuHs  from  the  gradual  decrease  in  HjOj  concen¬ 
tration  in  the  bulk  of  the  solution  (eq  6).  With  the  HRP- 
IX)D  film  the  oxidation  of  interferants  is  not  impaired  by 
external  catalase,  because  the  H2OS  b  generated  and  utilised 
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in  the  bMnzyme  layer  itaelf. 

0,  +  2Hj0  (6) 


CONCLUSIONS 

HorMradish  peroxidaie  (HRP)  bated  interferant  elimi¬ 
nating  iayeia  provide  practically  abaolute  aelectivity  to 
amperometricgluooaeaenaon.  In  ^epreaence  of  the  enzyme, 
HsOj  preoiidizea  all  the  common  electroozidizable  interfer- 
anta.  Figure  15  eummarizes  the  relevant  reactioni  in  mul¬ 
tilayered  electrodea  diacuaaed  in  this  work.  In  the  glucoae 
electrode,  electrons  from  the  subatrate  are  transferred  to  the 
glucoae  oxidaae  (GO)  and  are  relayed,  via  nondiffusing  oamium 
redoz  centers,  to  the  electrode.  The  analyzed  solution 
contains  electroozidizable  ascorbate,  urate,  and  acetami¬ 
nophen.  These  species  may  be  oxidized  directly  at  the 
electrode  surface  or  through  electron  relays  of  the  enzyme¬ 
wiring  redoz  polymer  network.  Their  electrooxidation  in¬ 
creases  the  anodic  current.  To  prevent  their  interference, 
the  sensing  layer  is  coated  with  a  layer  of  immobUized 
peroxidase,  which  catalyzes  the  oxidation  of  the  interferants 


by  HjOj.  Such  oxidation  destroys  the  interferants  prior  to 
tlteir  reaching  the  wired  glucoae  oxidaae,  where  they  would 
otherwise  be  electrooxidized.  The  HiOj  can  be  either 
externally  supplied  or  produced  in  situ  through  an  ~Tdsar 
catalyzed  Oj  oxidation  of  a  second  solute  such  as  lactate. 
Electrical  contact  between  the  HRP  and  the  naminm  redoz 
centers  must  and  can  readily  be  prevented,  for  example  by 
inserting  an  electrically  insulating  barrier  film  between  the 
glucose  sensing  layer  and  the  HRP  layer  or  by  further  cross- 
linking  the  sensing  layer,  or  by  operating  the  electrode  at  0.5 
V  (SCE). 
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Electrically  insulating  proteins  can  be  made  redox  conducting  through  incorporation  of  a  high  density  of  electron  relaying 
redox  centers.  Electrons  diffuse  in  the  resulting  redox  conductors  by  self-exchange  between  identical  and  electron  transfer 
between  different  relaying  centers.  When  the  self-exchange  rate  of  the  relays  and  their  density  are  high  the  flux  of  electrons 
through  a  l-pm-thkk  film  of  a  three-dimensional  macromolecular  network  can  match  or  exceed  the  rate  of  supply  of  electrons 
to  or  from  the  ensemble  of  enzyme  molecules  covalently  bound  to  it.  The  network  now  mdecularly  'Svires*  the  enzyme  molecules 
to  the  electrode,  and  the  current  measures  the  turnover  of  the  “wired”  enzyme  molecules.  When  the  enzyme  turnover  is 
substrate  flux,  i.e.,  conooitration  limited,  the  currait  increases  with  the  concentration  of  the  substrate.  The  resulting  amperometrk 
iMOsensors  have  current  densities  as  high  as  10~^  A  cm~^  and  sensitivities  reaching  1  A  cm~^  M*'.  Because  currents  as  small 
as  l(r'^  A  are  measurable  with  standard  electrochentical  instruments,  the  biosensors  can  be  miniaturized  to  <10-ttm  dimensions. 
A  practical  example  of  enzyme  “wiring”  involves  (a)  forming  a  macromolecular  complex  between  glucose  oxidase  and  a 
water-soluble  lO^-kOa  [OsfbpyljCIj'^/^'^-containing  redox  polyamine  and  (b)  cross-linking  the  complex  with  a  water-soluble 
diepoxide  to  form  a  hydrophilic,  substrate  and  product  permeable  ~  l-pm-thick  redox  epoxy  film.  In  redox  epoxy  film  based 
glucxMe  sensors  interference  by  electrooxidizable  ascorbate,  urate,  and  acetaminophen  is  avoided  through  their  potutidase-catalyzed 
preoxidation  in  an  H1O2  generating  surface  layer.  The  novel  microelectrodes  have  no  leachable  components. 


Drag  AdnUstradoa  aad  BhMCMon 

The  objective  of  administering  a  drug  is  achievement  of  an 
optimal  physiological  response.  The  more  frequently  and  accu¬ 
rately  the  response  and  dnig  oaooentration  are  measured,  the  cIqsct 
one  may  get  to  optimal  treatment.  The  frequency  and  accuracy 
of  measurements  have  been  limited  in  the  past  by  the  portability 
and  cost  of  sensing  systems.  Today,  sensing  systems  can  be 
miniaturized  and  their  electronics  or  optics  product  at  a  cost  that 
is  oonsistoit  with  the  cost  of  treatment  of  many  diseases.  Prioress 
in  the  development  of  low-cost  mkrosensors  for  ex  vivo  use  is  likdy 
to  allow  fine-tuning  the  administration  of  drugs.  Furthermore, 
already  at  the  present  capabilities  and  cost  of  microcontrollers 
and  microvalves,  one  might  start  planning  for  feedback  loop- 
controlled  drug  delivery.  The  feedback  loops  will  have  three 
essential  components:  a  drug  containing  and  delivering  unit;  a 
sensor,  measuring  the  drug  concentration  in  the  target  organ  or 
the  affected  physiological  function;  and  a  microcontroller  or 
mkroprocessor  calculating  the  dose  arid  timing  the  delivery.  Thus, 
in  case  of  breathing  difficulty  caused  by  asth^  treated  by  drugs 
such  as  theofdiyllin  or  albuterol,  the  drug  concentration  in  blood, 
the  volume  of  air  per  inhalation,  and  the  blood  oxygen  concen- 
tratkm  would  be  soised  and  fed  into  a  controller  or  {nocessor;  the 
latter  will,  in  turn,  increase  or  decrease  the  amount  of  thec^hyllin 
leaked  through  a  microvalve  or  of  albuterol  sprayed  into  the 
inhaled  air  until  breathing  is  normal,  and  the  blood  is  well  oxy¬ 
genated.  The  concept  of  therapeutic  feedback  loops  has  been 
around  for  a  good  number  of  years,  particularly  in  the  context 
of  control  of  blood  glucose  levels  in  brittle,  insulin-dependent 
diabetics.  Although  operation  of  a  chemical  or  biotechnological 
manufacturing  plant  without  control  loops  consisting  of  sensors 
and  electronic  controllers  or  processors  connected  to  flow  and 
temperature  controlling  valves  is  no  longer  conceivable,  the  use 
of  such  loops  is  only  now  coming  of  age  in  medicine,  for  example 
in  pacemakers  responding  to  oxygen  demand. 

The  expanded  use  of  microsensors,  followed  by  introduction 
of  medkal  feedback  loops,  will  allow  the  pharmaceutical  industry 
to  expand  its  range  of  drug  delivery  methods.  Today’s  primary 
6dimy  methods  are  those  that  allow  accurate  dosage,  particularly 
infusion,  injection,  and  ingestion.  Other  methods  like  inhalation 
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and  iontopboretic  transdermal  transport  have  been  investigated 
but  are  not  frequently  used,  even  though  they  have  advantages, 
such  as  ra]^  uptake  in  the  case  of  inhalation  (derived  of  the  la^ 
lung  surface  area)  and  continuous,  noninvasive  administration, 
in  the  case  of  iontophoresis.  The  use  of  these  methods  is  limited 
by  difficulty  of  accurate  and  rqrroducible  dosing.  Feedback  loops 
will  allow  the  use  of  these  and  other  delivery  methods,  as  the 
concentration  of  the  drug  in  the  target  organ,  or  a  physitdogical 
function  affected  by  the  drug,  will  be  frequently  or  continuously 
sensed  and  the  microcontroller  or  processor  will  correct  for  any 
deviation  from  a  desired  drug  concentration  or  unwanted  change 
in  physiological  function.  Thus,  as  long  as  the  drug  will  be  ad¬ 
ministered  in  small  incremental  doses,  spaced  so  as  to  allow  sensing 
of  the  drug’s  concentration  in  the  target  organ  and  of  the  affected 
physiological  response,  alternative  delivery  methods  will  become 
safe. 

The  pace  of  introduction  of  frequent  monitoring  of  a  physio¬ 
logical  response  or  of  a  drug  level  in  a  targeted  organ,  as  well  as 
the  evedution  of  therapeutic  feedback  loops,  is  now  limited  by  the 
availability  of  appropriate  miniature  biosensors,  the  focus  of  our 
research  and  the  subject  of  this  artkle.  The  family  of  InosenstHS 
includes  electrochemical  (amperometric  and  potentiometric), 
optical,  and  electromechanical  devices  as  well  combinations  of 
these.  This  artkk  focuses  on  direct,  i.e.,  not  diffiisiofially  mediated, 
amperometrk  sensors  based  on  direct  electrical  conneetkm  of  redox 
centers  of  enzymes  to  electrodes.  First,  however,  it  is  necessary 
to  consider  the  diffusional  sensors. 

DiftaionaUy  Mediated  Amperometric  Biosensors 

In  diffusionally  mediated  amperometric  biosensors, a  sub¬ 
strate,  such  as  glucose,  transfers  a  pair  of  electrons  to  the  active 
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redox  center  of  an  enzyme,  glucose  oxidase;  the  enzyme  then 
unloads  the  excess  electrons  onto  the  oxidizing  member  of  a  fast 
redox  couple. For  such  electron  transfer  to  take  place,  the 
oxidizing  species  must  first  diffuse  into  the  protein  or  glycoprotein 
shell  surrounding  the  enzyme’s  reactive  center,  because  the  rate 
of  electron  transfer,  a  phonon-assisted  tunneling  process,^^  declines 
exponentially  with  the  electron-transfer  distance.  The  distance 
in  this  case  is  that  between  the  donor,  e.g.,  a  reduced  flavin  adenine 
dinucleotide  center  of  glucose  oxidase,  and  the  acceptor,  the  ox¬ 
idized  member  of  the  diffusing  couple.  After  electron  transfer, 
the  now  reduced  member  of  the  couple  diffuses  out  of  the  enzyme, 
reaching  eventually  the  proximity  of  the  anode  of  the  cell  where, 
in  a  second  electron-transfer  step  that  is  also  distance  dependent 
and  requires  close  approach  of  the  electrode,  it  unloads  its  electron. 
Though  numerous  effective  molecular,  ionic,  and  polyionic  dif- 
fusional  mediators  are  known,^  ’"^^  the  currently  preferred  ones 
are  monomeric  ferrocenes,*-^’  quinones,’’'*  and  osmium  bipyridine 
complexes.  All  have  redox  potentials  about  0.3-0. 6  V  positive 
of  the  redox  potential  of  the  enzyme.  At  such  an  overpotential 
the  free  energy  of  activation  of  the  Marcus  equation  may  balance 
the  reorganization  energy.  A  small  reorganization  energy  com¬ 
bined  with  an  appropriate  overpotential  increases  the  maximum 
distance  at  which  a  given  rate  of  electron  transfer  can  be  main¬ 
tained  "  can,  alternatively,  increase  the  rate  of  transfer  for  a  fixed 
elec'  -transfer  distance.  For  efficient  current  collection  it  is 
of  - .  .-e  that  the  rate  of  electron  transfer  from  the  enzyme  to 
the  diffusing  mediator  equal  or  exceed  the  rate  of  electron  transfer 
from  the  substrate  to  the  enzyme. 
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Diffusionally  mediated  amperometric  biosensors  are  of  both 
scientific  and  technological  interest.  Products  such  as  analytical 
instruments  and  systems  for  self-monitoring  of  glucose  levels  by 
diabetics  in  withdrawn  samples  of  blood  are  in  use.  Diffusionally 
mediated  biosensors  are,  however,  not  likely  to  be  used  in  feedback 
loops  involving  implanted  sensors,  because  of  the  danger  of  escape 
of  the  diffusing  mediator  into  the  body  fluid.  Such  escape  would 
cause  the  equivalent  of  an  electrical  short  in  delicately  orchestrated 
and  interconnected  biological  electron-transfer  routes.  Toxicity 
among  fast  redox  couples  that  are  diffusing  mediators  is  common. 

While  most  diffusing  couples  are  toxic,  the  natural  Oj/HyOj 
couple  is  safe,  because  people  are  abundantly  equipped  with 
catalase,  an  enzyme  that  decomposes  H2O2  to  water  and  dioxygen. 
This  couple  mediates  by  O2  diffusing  to  reactive  sites  in  enzymes 
where  it  is  reduced  to  H2O2,  which  is  amperometrically  monitored 
through  its  anodic  reoxidation  to  dioxygen.'  Alternatively,  the 
rate  of  oxygen  consumption  can  also  be  amperometrically  mon¬ 
itored. “  02/H202-based  amperometric  sensors  require  sophis¬ 
ticated  structures  for  circumventing  the  intrinsic  O2  partial 
pressure  dependence  of  their  response. This  makes  their 
miniaturization  to  micrometer  dimensions  difTicult,  though  sub¬ 
millimeter  structures  have  been  built. The  sensors  are  never¬ 
theless  appropriate  for  in  vivo  glucose  monitoring.”"^’ 

Nondiffusional  Relaying  of  Electrons:  Electrical  Connection 
of  Enzyme  Redox  Centers  to  Electrodes 

The  need  for  diffusional  mediators  is  altogether  avoided  it  the 
electrically  insulated  redox  centers  of  the  enzyme  are  directly 
electrically  connected  to  the  electrode.”  In  this  case  electrons 
transferred  from  the  substrate  to  the  enzyme  are  directly  relayed 
to  an  external  circuit.  In  a  well-connected  system  the  current 
flowing  through  the  external  circuit  represents  the  actual  turnover 
rate  of  the  enzyme.  Unless  the  maximum  turnover  rate  is  ap¬ 
proached,  the  turnover  and  the  current  increase  monotonically 
with  the  diffusional  flux  of  substrate  and  therefore  with  substrate 
concentration.  Thus,  the  concentration  of  the  substrate  is 
transduced  into  and  measured  as  an  electrical  current. 

We  shall  pause  now  to  estimate  the  current  that  flows  from 
a  monolayer  of  an  enzyme  covering  a  1-cm^  electrode,  with  each 
enzyme  molecule  oxidizing  10^  substrate  molecules  per  second, 
when  two  electrons  are  transferred  from  the  substrate  during  its 
oxidation.  For  an  enzyme  having  a  diameter  of  10^  A  that  is 
densely  packed  on  the  surface,  there  are  1.3  x  10”  enzyme 
molecules  per  cm’.  Thus,  2.6  X  10”  electrons  are  transferred  per 
second  and  the  current  density  is  4  X  10"^  A  cm"’.  This  is  a 
substantial  current  density  considering  that  currents  of  10"”  A 
are  measured  in  many  laboratories,  including  our  own.  In  the 
unlikely  event  that  all  enzyme  molecules  remain  intact  during  their 
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electrical  connection  to  the  electrode  and  their  packing  is  theo¬ 
retically  dense,  then,  at  10~'^-A  current  measuring  capability,  the 
area  of  the  electrode  can  be  reduced  to  2.5  x  10  ’  cm^,  corre¬ 
sponding  to  a  circular  electrode  having  a  diameter  of  0.28 
This  is  about  the  dimension  of  the  smallest  feature  on  an  advanced 
integrated  circuit  now  under  development  but  not  yet  in  pro¬ 
duction.  Another  perspective  is  provided  by  calculating  the 
minimum  number  of  electrically  connected  enzyme  molecules  that 
can  be  sensed.  In  the  case  of  an  enzyme  (e.g.,  glucose  oxidase) 
turning  over  10^  times  per  second,  each  molecule  delivers  a  current 
of  3.2  X  10'*^  A.  One  thus  observes,  when  measuring  a  current 
of  10~'^  A,  about  300  enzyme  molecules.  This  is  the  actual  number 
of  electrically  '‘wired’’  glucos*^  oxidase  molecules  functioning  in 
our  7-/im-diameter  glucose  microsensors.^’ 

Electrical  Communicatioa  between  Redox  Enzymes  and 
Electrodes 

For  convenience  of  considering  electrical  connection  of  enzymes 
to  electrodes  (not  because  the  demarcation  lines  are  well  defined), 
we  shall  divide  the  redox  enzymes  into  three  groups.  In  the  first 
we  include  enzymes  having  NADH/NAD’  or  NADPH/NADP’’ 
redox  centers.  These  centers  are  often  weakly  bound  to  the  protein 
of  their  enzyme.  They  can  act  as  diffusional  carriers  of  electrons, 
shuttling  between  different  redox  biomolecules,  for  example, 
between  those  of  different  reductases  or  dehydrogenases.  Being 
themselves  redox  mediators,  they  can  be  amperometrically  assayed. 
There  are  three  problems  that  need  to  be  addressed  in  the  design 
of  amperometric  NAD^/NADH  or  NADP’/NADPH  biosensors. 
First,  the  electrodes  need  to  be  designed  for  two-electron  transfer; 
i.e.,  the  rate  of  the  two-electron-transfer  reaction  must  be  faster 
than  the  rate  of  any  single-electron-transfer  reaction,  whereby 
an  irreversibly  reacting  free-radical  intermediate  is  formed.  The 
relevant  time  within  which  the  two  electrons  must  be 
“simultaneously”  transferred  is  defined  by  the  time  it  takes  the 
radical  to  irreversibly  react.  Second,  if  the  biosensor  is  to  be  used 
for  an  extended  period,  toss  of  NADH/NAD’^  or  NADPH/ 
NADP*  by  out-diffusing  of  the  enzyme-containing  volume  near 
the  electrize  surface  must  be  prevented,  e.g.,  through  covalent 
attachment  of  the  NADH/NAD*  to  the  enzyme’s  protein  via  a 
flexible  spacer  chain.  This  chain  must  be  long  enough  to  allow 
the  back-and-forth  movement  of  the  centers  between  their  site 
in  the  enzyme  and  the  surface  of  the  electrode.  Third,  the  ov¬ 
erpotential  for  the  two-electron-transfer  reaction  at  the  electrode 
must  be  small  enough  to  allow  the  maintenance  of  the  specificity 
that  is  sought  and  achieved  through  the  use  of  the  enzyme. 

Relatively  stable  two-electron-accepting  diffusionally  mediated 
electrodes  have  been  designed.  These  operate  at  potentials  where 
their  seletnvity  is  adequate.’®”  Recently,  NAD’"  has  been 
covalentl;  bound  via  designed  chains  to  genetically  engineered 
glucose  dehydrogenase,”  so  as  to  shuttle  in  and  out  of  the  enzyme. 
This  and  other  dehydrogenases  can  be  used  in  conjunction  with 
NADH  oxidizing  mediated  electrodes  to  form  02-insensitivc 
amperometric  biosensors. 

In  a  second  group  of  enzymes  at  least  part  of  the  redox  centers, 
usually  porphyrin  derivatives,  are  found  at  or  near  the  periphery 
of  the  protein  shell.  These  enzymes  are  built  to  transfer  or  accept 
electrons  on  contact  and  thus  directly  electrically  communicate 
with  electrodes.  Their  rate  of  electroreduction/oxidation  varies, 
however,  with  their  orientation  on  the  electrode  surface.^*  ”  It 
can  be  increased  through  bonding  to  the  electrode  surface  functions 
that  interact  with  a  spedfic  protein  region,  so  as  to  properly  orient 
the  enzyme  for  electron  transfer.  Because  highly  selective  '•outing 
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of  electrons  is  of  essence  in  biological  systems  (otherwise  the 
biological  system  would  become  equipotential  and  life  could  not 
exist),  enzymes  that  transfer  to  and  accept  electrons  from  ran¬ 
domly  contacted  redox  proteins  or  electrodes  are  few,  making  this 
family  the  smallest  of  the  three. 

The  third  family  encompasses  enzymes  having  strongly  bound 
redox  centers  deeply  buried  in  an  insulating  protein  or  glycoprotein 
shell.  When  adsorbed  on  an  electrode,  their  redox  centers  cannot 
be  oxidized  or  reduced  at  potentials  survived  by  the  enzyme.  The 
rate  of  electron  transfer  across  the  distance  between  their  redox 
centers  and  the  periphery  of  their  protein  or  glycoprotein  shell, 
which  defines  the  closest  approach  of  the  redox  center  to  an 
electrode  surface,  is  negligibly  slow  relative  to  the  turnover  rate 
of  these  enzymes.  Careful  studies  of  the  distance  dependence  of 
the  rate  of  electron  transfer  in  cytochrome  c  and  myoglobin  (that 
are  redox  proteins,  not  enzymes)  show  that  the  rate  drops  by  a 
factor  of  e  for  each  0.91-A  increase  in  distance.”  It  is,  however, 
incorrect  to  assume  that  this  distance  dependence  holds  also  for 
other  redox  proteins.  Because  of  system  to  system  differences  in 
reorganization  energy,  redox  potential  difference,  amino  acid 
sequence,  and  folding  of  the  protein  defining  the  electron  route, 
as  well  as  spatial  orientation  of  the  centers  involved  in  the  elec¬ 
tron-transfer  steps,  the  constant  of  the  exponential  decay  of  the 
electron-transfer  rate  with  distance  will  vary  from  case  to  case. 
The  basic  concepts  of  electron-transfer  theory,  particularly  the 
relationships  defining  the  dependence  of  the  rate  on  the  free  energy 
of  activation  (and  thereby  on  the  potential  difference  between  the 
donor  and  the  acceptor)  and  on  the  reorganization  energy,  are 
nevertheless  of  practical  value  in  the  design  of  direct  amperometric 
enzyme  electrodes. 

Glucose  Electrodes 

Among  the  amperometric  biosensors,  glucose  sensors,  based 
on  the  enzyme  glucose  oxidase,  have  received  more  attention  in 
both  the  scientific  and  the  patent  literature  than  all  others  com¬ 
bined.  The  interest  in  glucose  electrodes  derives  from  a  coincidence 
of  need — the  frequency  of  glucose  analyses  exceeding  that  of  any 
other  biochemical,  bemuse  of  the  large  number  of  blood  glucose 
assays  (in  excess  of  I  billion  in  the  U.S.)  by  self-monitoring 
diabetics  and  of  ruggedness — glucose  oxidase  withstanding  abuse 
by  students  and  physical  chemists. 

The  enzyme  is  a  glycoprotein  of  MW  160000  having  two 
FAD/FADHj  redox  centers  and  a  hydrodynamic  radius  of  86  A.” 
The  enzymatic  oxidation  of  glucose  involves  the  reactions 

glucose  -F  GO(FAD)  -►  gluconolactone  -F  GOfFADHj)  (1) 

FADHz  -F  O2  —  FAD  -F  H2O2  (2) 

Colorimetric  glucose  assays  are  based  on  peroxidase-catalyzed 
reactions  of  H2O2  with  leuco  dyes;  amperometric  assays  are  based 
on  electrooxidation  of  either  H2O2 

H2O2  —  2H+  -F  O2  +  2e-  (3) 

or  of  another  enzyme-reduced  diffusional  mediator  such  as  a 
ferrocene  derivative  Fc  (reactions  4  and  5)*-^’  or  a  heterocyclic 
quinoid:” 

G0(FADH2)  +  2Fc’^  —  GO(FAD)  -F  2Fc  -F  2H*  (4) 

2Fc  —  2Fc’-  -F  2e-  (5) 

The  electrically  insulating  glycoprotein  shell  surrounding  the 
FAD/FADH2  centers  is  thick  enough  to  prevent  random  electron 
transfer  at  biologically  relevant  rates.  A  novel  genetically  en¬ 
gineered  glucose  oxidase  has  a  thicker  insulating  shell,  with  more 
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peripheral  oligosaccharide,  which  makes  it  uniquely  stable  at  37 
•Cr 


Direct  Electrooxidadoa  of  Glucose  Oxidase 

In  our  initial  work,  Yinon  Degani  and  I  coupled,  using  a 
water-soluble  carbodiimide,  ferrocenecarboxylic  acid  to  lysine 
amines  of  glucose  oxidase.^-^^  We  argued  that  electrons  will  be 
transferred  by  phonon-  or  field-assisted  tunneling,  via  such  non¬ 
diffusing  relays,  to  electrodes,  if  at  least  one  of  the  relays  binds 
to  a  lysine  or  other  amine  deep  in  the  insulating  glycoprotein  shell 
of  the  enzyme.  We  considered  it  statistically  probable  to  find 
between  one  of  the  two  FAD/FADH2  centers  and  the  periphery 
of  the  enzyme  (representing  the  surface  of  closest  approach  to 
a  metal  electrode)  such  an  amide-forming  function  and  proceeded 
with  the  enzyme  modification  experiments.  Using  modified  en¬ 
zymes,  we  searched  for  anodic  glucose  oxidation  currents  in 
electrodes  built  with  dialysis  membranes  that  contained  the 
modified  enzymes  in  the  proximity  of  a  graphite  electrode.  We 
were  driven  to  this  work  by  the  challenge  of  chemically  making 
a  direct  electrical  connection  between  an  active  center  of  an 
enzyme  and  an  external  circuit  and  demonstrating  that  tunneling 
patte  can  be  built  into  biomolecules  and  by  foreseeing  a  more 
effective  interfacing  of  enzymes  and  microcircuits  than  could  be 
done  in  CHEMFETS.  We  expected,  and  later  confirmed,  that 
electron  collection  e^iciencies  and  thus  current  densities  can  be 
higher  than  in  most  diffusionally  mediated  systems;  and  we  saw 
a  way  to  medical  sensors  and  sensors  for  the  food  and  beverage 
industries  from  which  no  toxic  mediator  could  be  leached. 

We  observed  the  expected  nondiffusionally  mediated  electro¬ 
oxidation  of  glucose  in  our  very  first  experiments.  As  is,  however, 
so  common  in  sdence,  we  also  found  ourselves  embarked  on  a  roller 
coaster.  When  we  checked  the  directly  electron  transferring 
modified  enzyme  for  protein-adsorbed  low-molecular-weight 
diffusional  m^iators  by  gel  permeation  chromatography,  i.e.,  for 
conventional  mediators  not  covalently  bound  to  the  “modified” 
enzyme,  we  found  that  the  “relays”  that  we  assumed  to  be  co¬ 
valently  bound  could  be  separated.  Thus,  the  current  was  flowing 
not  through  bound  relays  but  was  carried  by  diffusing  mediator 
ions.  Later,  reading  a  patent  application  on  immunosensors  and 
trying  to  repeat  an  experiment  aimed  at  covalently  binding  redox 
centers  to  an  immunolabeling  enzyme,  we  found  that  we  were  not 
alone  in  our  initial  erroneous  interpretation  of  results.’*’  Fortu¬ 
nately,  because  we  did  not  rush  to  publish,  we  had  no  paper  to 
withdraw.  After  a  period  in  which  we  obtained  results  that  we 
could  not  always  reproduce,  but  that  nevertheless  kept  our  hopes 
alive,  we  eventually  succeeded  in  establishing  the  direct  electrical 
communication  that  we  sought.  To  properly  bind  the  electron 
relays  to  the  proteins,  we  first  partially  unfolded  these  using  2 
M  urea,  so  as  to  chemically  access  regions  that  are  normally  not 
accessible  to  reagents.^-^’  Through  such  unfolding  we  were  able 
to  reproducibly  react  12-14  amines  of  the  enzyme,  which  has  IS 
lysyl  amines.  The  relays  were  bound  as  amides,  produced  through 
reacting  the  protein  amines  and  an  o-acylisourea.  The  latter  was 
formed  of  a  water-soluble  carbodiimide  and  ferrocenecarboxylic 
acid.  Subsequently,  connections  were  made  also  with  ferrocene- 
acetic  add  to  form  ferrocme  acetamides  of  the  enzyme  protein.”'” 
Recently,  jointly  with  Wolfgang  W.  Schuhmann  and  Hanns- 
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Ludwig  Schmidt  of  the  Technical  University  of  Munich,  we  also 
modified  the  oligosaccharide  periphery  of  glucose  oxidase  with 
flexible  spacer  chains,  carrying  at  their  termini  electron  relays. 
When  the  spacer  chains  were  long,  the  peripherally  attached  relays 
penetrated  the  enzyme  sufficiently  deeply  to  establish  direct 
electrical  communication  between  its  r^ox  centers  and  elec¬ 
trodes.” 

Attachmeiit  of  Relay-Modified  Enzymes  to  Electrodes 

In  the  modified  enzymes  electrons  transferred  from  the  substrate 
to  the  enzyme’s  redox  center  through  reaction  1  were  subsequently 
transferred  from  this  center,  via  protein  or  oligosaccharide-bound 
ferrocene  relays,  to  the  electrode.  As  expected,  the  current  at  or 
above  the  redox  potential  of  the  relays  was  glucose  concentration 
dependent.  The  modified  enzyme  functioned,  however,  only  when 
free  in  solution,  i.e.,  when  contained  by  a  membrane  in  a  thin 
compartment  in  the  vicinity  of  the  electrode  and  not  when  elec¬ 
trode-surface  bound.  Upon  binding  of  the  modified  enzyme  to 
a  graphite  surface  through  cross-linking,  the  current  dropped  to 
a  negligible  fraction  of  the  original.  The  experiment  suggested 
that  communication  was  restricted  to  electron-transfer  routes 
within  the  protein,  involving  fast  electron  transfer  between  an 
FAD/FADH2  redox  center  and  one  of  the  relays  and  from  that 
relay  either  directly,  or  through  other  relays,  to  the  electrode.  For 
the  latter  step  to  be  rapid  it  was  of  essence  that  the  distance 
between  the  critical  relay  and  the  elearode  be  short,  i.e.,  that  the 
enzyme  tumble  freely  so  as  to  transiently  minimize  the  distance. 
When  the  enzyme  was  randomly  cross-linked  and  could  not 
tumble,  the  overwhelming  majority  of  its  potential  electron-transfo’ 
routes  were  inoperative  bet^use  of  excessive  electron-transfer 
distances.  As  a  result,  our  first  directly  communicating  glucose 
electrodes  required  membranes  to  contain  the  freely  tumbling 
enzyme  in  a  small  volume  near  the  electrode.  With  the  membrane 
slowing  down  the  diffusional  glucose  transport  to  the  interior  fluid 
and  with  diffusional  transport  of  the  enzyme  to  the  electrode 
remaining  of  essence,  we  were  unable  to  realize  two  objectives: 
prompt  electron  collection,  i.e.,  fast  response,  and  effldent  dectron 
collection,  i.e.,  a  current  density  representing  the  actual  turnover 
rate  of  the  enzyme.  On  the  practical  side,  the  membrane  re¬ 
quirement  also  made  the  low-cost  manufacture  of  biosensors 
difficult. 

Electrical  Wiring  of  Enzymes 

To  eliminate  the  membrane,  we  had  to  electrically  connect  the 
redox  centers  so  that  unique  orientation  or  tumbling  would  not 
be  necessary  for  discharge  of  eletrons  from  the  modified  enzyme 
to  the  electee.  We  did  so  by  molecular  “wiring”  of  the  enzyme 
to  the  electrode,  the  “wire”  being  a  redox  macromolecule  designed 
to  (a)  complex  the  enzyme  protein,  (b)  electrically  connect  the 
redox  center  of  the  enzyme  to  the  electrode,  and  (c)  physically 
attach  the  enzyme  to  the  electrode  surface,  all  without  ((activating 
the  enzyme. 

Redox  macromolecules  have  been  used  earlier  as  diffusional 
mediators  of  electron  transfer  between  enzymes  and  electrodes 
and  for  enzyme  entrapment.  In  1980  Nakamura,  Nankai,  lijima, 
and  Fukuda  described  electron  mediation  between  an  enzyme  and 
an  electrode  through  organic  redox  polymers,  particularly  quinone 
and  quinoid  heterocyclics  such  as  thionine,  riboflavin,  or  gallo- 
cyanine.”  Foulds  and  Lowe”  and  Umana  and  Wallo’^  entrapped 
glucose  oxidase  in  polypyrrole,  a  degenerate  semiconducting 
polymer.  The  polymer,  in  the  presoice  of  traces  of  platinum,  offers 
a  high  surface  area  on  which  H2O2  generated  through  reaction 
2  is  electrooxidized.  Polypyrroles  were  used  also  by  several  other 
groups”'^'  in  the  oxidation  of  hydrogen  peroxide,  as  were  poly- 
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aniline,*^'*^  poly(o-phenylenedianiine),*’  and  polyindolc.“ 
Ferrocene-modified  polypyrrole  was  subsequently  used  to  im¬ 
mobilize  glucose  oxidase.**^'^ 

Highly  flexible  ferrocene-modified  siioxanes  and  polyethylene 
oxides  were  also  used  as  mediators,  carrying  electrons  between 
glucose  oxidase  and  other  enzymes  and  high  surface  area  carbon 
pastes  that  adsorb  the  enzyme  and  the  redox  polymer.'^’'’*  In 
most  of  these  redox  polymer  systems,  the  polymers,  often  of  low 
molecular  weight  (20  kDa  or  less),  acted  as  diffusional  mediators. 
For  example,  in  the  case  of  glucose  sensors  based  on  electropo- 
lymerized  [(ferroccnyl)amidopropyl]  pyrrole*’  or  ferrocene-mod¬ 
ified  polysiloxanes  or  polypyrroles,*^’*  oxidation  of  the  ferrocenes 
to  ferricinium  cations  increases  the  solubility  sufficiently  to  allow 
such  diffusional  mediation,  even  though  precipitation  of  the 
mediator  that  is  insoluble  in  its  reduced  form  reduces  the  rate  of 
its  escape  into  the  solution.  Because  in  electropolymerized  po- 
lypyrrole  the  chains  are  short,  the  ferrocene-modified  polypyrrole 
probably  acts  as  a  special  kind  of  a  diffusional  m^iator,  the 
polymer  becoming  more  water-soluble  when  oxidized,  i.e.,  when 
the  short  polymer  chain  acquires  positive  charge  through  oxidation 
of  neutral  ferrocene  segments. 

Principles  of  Wire  Design 

Our  objectives  in  the  design  of  stable  redox  macromolecuies 
for  electrical  wiring  of  redox  centers  of  enzymes  to  electrodes  were 
the  fdlowing;  first,  to  assure  that  the  wiring  redox  macromolecule 
will  complex  the  enzyme  and  penetrate  its  protein  so  as  to  enable 
electron  transfer  from  the  buried  redox  center  to  the  periphery 
of  the  enzyme.  This  required  that  the  redox  polymer  be  adequately 
soluble  in  water  and  that  it  have  hydrophobic,  charged,  or  hy¬ 
drogen-bonding  domains  to  adequately  bind  domains  of  the  en¬ 
zyme  protein.’’  Our  next  objective  was  to  assure  that  onJy  a  small 
fraction  of  the  segments  of  the  molecular  wire  be  bound  at  any 
moment  to  the  electrode  surface,  with  most  segments  remaining 
unadsorbed,  i.e.,  dangling  in  water,  and  thus  available  to  complex 
and  penetrate  the  enzyme.’*  Our  third  objective  was  to  form  of 
the  enzyme  complexing  wires  a  three-dimensional  network  in¬ 
corporating  in  its  volume,  through  covalent  bonding,  a  large 
number  of  enzyme  molecules.”'”  This  network  had  to  allow 
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Figure  1.  The  electrode-surface-adsorbed  redox  macromolecule  shown 
in  the  insert  “catches’  and  irreversibly  complexes  (from  a  ~  10’  M  so¬ 
lution)  glucose  oxidase  molecules.  The  time  dependence  of  the  glucose 
current  reflects  the  diffusional  flux  of  enzyme  molecules  to  the  electrode 
surface.  If  the  enzyme  concentration  is  raised,  the  rate  of  increase  in 
glucose  current  becomes  correspondingly  faster.  From  ref  76. 

rapid  in  and  out  diffusion  of  the  substrate  and  the  product,  as  well 
as  fast  electron  diffusion. 

To  meet  these  objectives,  we  used  high  molecular  weight  (~  10’ 
Da)  redox  polyelectrolytes,  with  one-third  to  one-sixth  of  the 
component  units  having  a  bound  redox  center.’*"’^  Segments  of 
the  polyelectrolyte  were  designed  either  to  hydrophobically  interaa 
with  the  enzyme  protein,  to  hydrogen-bond  to  the  enzyme  protein, 
or  to  electrostatically  interact  with  oppositely  charged  domains 
of  the  enzyme  protein.  Upon  such  interaction  they  deeply  pen¬ 
etrated  the  peripheral  protein  or  glycoprotein  surface,  i.e.,  the 
surface  defining  the  closest  approach  of  the  enzyme’s  redox  center 
to  an  electrode.  Through  such  deep  penetration  the  electron- 
transfer  distances  between  a  redox  center  of  the  enzyme  and  at 
least  one  redox  center  of  the  wiring  redox  polyelectrolyte  were 
sufficiently  reduced  for  elearons  to  be  transferred  from  the  enzyme 
to  the  wire  at  a  rate  equaling  or  exceeding  the  turnover  rate  of 
the  enzyme.  The  transferred  electrons  then  propagated  by  dif¬ 
fusing  between  the  relaying  redox  centers  along  the  wire,  occa¬ 
sionally  crossing  between  undulating  segments  of  the  wires  as  their 
relaying  redox  centers  approached  each  other. 

Attachment  of  Wires  to  Electrodes 

Attachment  of  segments  of  the  wires  to  the  electrode  surfaces 
was  assured  by  making  the  wires  long  enough.  Adsorption  of 
practically  any  macromolecule,  even  a  highly  water-soluble  po- 
lyelectrolyte,  to  a  surface  can  be  made  irreversible  (except  through 
displacement  by  a  more  strongly  adsorbed  solution  species),  by 
making  its  molecular  weight  high  enough.  The  essence  of  the 
statistical  argument  behind  this  is  the  following:  let  there  be  a 
weakly  adsorbed  macromolecule  having,  say,  only  one  of  its  re¬ 
peating  units  per  thousand  adsorbed  on  the  surface  at  any  instant, 
each  unit  spending  99.9%  of  the  time  in  the  solution,  off  the 
electrode  surface.  If  the  chains  have  about  10’  units,  the  prob¬ 
ability  of  desorption,  i.e.,  of  the  event  that  no  segment  is  in  contact 
with  the  surface,  is  high.  If,  however,  the  macromolecule  consists 
of  10*  units,  there  are  about  10’  units  adsorbed  at  any  instant, 
and  the  likelihood  of  their  simultaneous  lifting  off  is  negligibly 
small.  Thus,  in  contrast  with  other  investigators  of  enzyme-redox 
polymer  systems,  we  did  not  use  strongly  adsorbed  water-insoluble 
polymers  of  low  molecular  weight,  but  used  instead  highly 
water-soluble  redox  polymers  of  high  molecular  weight.  Even  with 
the  great  majority  of  their  segments  being  off  the  surface  and 
available  for  interaction  with  the  enzyme’s  protein,  these  were 
not  desorbed  because  of  their  high  molecular  weight. 

Redox  macromolecuies  with  excessively  strongly  electrode- 
adsorbed  segments,  such  as  polypyrroles,  make  poor  wires  because 
their  chains  do  not  extend  sufficiently  into  the  solutions,  and  when 
they  do  their  segments  are  too  rigid  to  fold  along  protein  chains. 
In  contrast,  the  better  wiring  redox  macromolecuies  are  long,  their 
individual  segments  are  poorly  adsorbed,  spending  most  of  their 
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time  floating  off  the  electrode  rather  than  anchored  to  it;  and  while 
floating,  they  catch  enzymes  through  their  built-in  protein-com- 
plexing  functions. 

Gvtev  of  Eazyaes  by  Wiriag  Redox  Macromolecale-Coatcd 
Sarfaccs 

Figure  1  shows  in  slow  motion  a  graphite-adsorbed  redox 
polymer  capturing  and  electrically  connecting  glucose  oxidase 
molecules  as  they  diffuse  to  the  surface  on  which  the  redox  po¬ 
lyelectrolyte  is  ad^bed.  It  also  shows  the  simfdest  of  our  meth^ 
of  making  glucose  electrodes.^*  In  order  to  observe  the  evolution 
of  the  electrocataiytic  glucose  oxidation  current  as  a  function  of 
time,  we  slowed  the  diffusional  enzyme  transport  by  using  only 
a  IQr^  M  enzyme  concentration.  The  complex  between  the 
electrode-adsorbed  redox  macromolecule  and  the  enzyme  is  so 
strong  that  it  forms  even  at  this  low  enzyme  concentration  and 
in  the  absence  of  free  redox  polymer  from  the  solution.  This 
simplest  of  the  wiring  polymers  is  a  20:1  copolymer  of  4-vinyl- 
pyridine  and  4-amino8tyrene,  with  about  one-seventh  of  the 
pyridines  corniced  to  [Os(bpy)}(py)Cl]'''^^'^  and  with  the  residual 
uncomplexed  pyridines  N-methylated  to  add  positive  charge  to 
the  chains.  The  positive  charge  increases  the  solubility  of  the 
polymers  in  water  and  their  electrostatic  interaction  with  anionic 
regions  of  the  enzyme  protein.  The  osmium  bis-  and  trisfbi- 
pyridine)  complexes,  including  [Os(bpy)2(py)Cl]'^^^'*,  are  fast  and 
stable  redox  couples.*^  The  electron  diffusion  coefficient  in 
[Os(bpy)2Cl]'*’^^  oomplexed  pdy(vinylpyridine)  exceeds  Iff*  cm^ 
g-i  71,81,82  potential  of  the  redox  polymer  is  0.27  V  (SCE), 
well  positive  of  that  of  the  enzyme-bound  FAD/FADH2  center, 
near  -0.38  V  (SCE)  at  pH  7. 

The  response  time  of  this  simple  electrode  is  faster  than  O.S 
s,  and  its  current  density  at  high  ^ucose  concentrations  is  35  /lA 
crn'V^  about  one-tenth  of  that  estimated  for  a  well-packed 
monolayer  of  the  enzyme. 

Effect  of  the  Ionic  Strength  on  the  Enzyme-Redox  Polynier 
Coniflex:  Partial  Chain  Separation  at  High  Ionic  Strength 

Because  in  these  simplest  electrodes  the  redox  polymers  are 
complexed  to  the  enzyme  proteins,  both  the  folding  of  the  poly- 
cationic  redox  polymers  and  their  interaction  with  regions  of  the 
oizyme  are  sensitive  to  ionic  strength.  At  high  ionic  strength  the 
chafes  on  the  interacting  macromolecules  ate  screened  by  anions 
in  the  solution,  causing  the  polyelectrolytes  that  are  stretched  by 
electrostatic  repulsion  at  low  ionic  stren^  to  ball  up.  As  a  result, 
even  though  the  complex  does  not  fully  dissociate,  segments  of 
the  polymer  no  longer  penetrate  the  enzyme  and  electron  transfer 
from  the  enzyme  to  the  polymCT  becomes  ineffective.  Nevertheless, 
because  the  complex  doe  not  dissociate  even  at  high  ioiic  strength, 
electron  transfer  from  the  enzyme  to  the  complexing  redox 
macromolecule  becomes  again  effective  when  the  same  electrode 
is  placed  in  a  solution  of  reduced  ionic  strength.  The  usually 
unwanted  sensitivity  of  the  electrical  communication  between  the 
enzyme  and  the  electrode  to  ionic  strength  can  be  limited  by 
covalently  bonding  segments  of  the  redox  macromolecule  to  the 
enzyme  after  their  complex  is  formed.^’ 

Three-DimeBsioaal  Enzyme  Wiring  Networks 

The  current  densities  are  greatly  increased  upm  wiring  multiple 
layers  of  an  enzyme  to  an  electrode  through  a  three-dimensional 
netwOTk  into’connecting  redox  macromolecules.^^'^  To  avoid 
limiting  of  the  in-diffusion  of  the  substrate  and  the  out-diffusion 
of  the  product,  it  is  of  essence  that  these  networks  form  open  and 
hydro{diilic  strictures.  Our  process  of  forming  such  enzyme-wiring 
networks  requires  a  redox  macromolecule  having  the  discussed 
enzyme-oomplexing,  enzyme-penetrating,  and  electrode-binding 
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Figure  2.  Structure  of  an  enzyme  complexing  redox  polyamine  designed 
for  cross-linking  with  a  water-soluble  diepoxide  to  form  a  three-dimen¬ 
sional  wired  enzyme  network.''* 

features  and,  in  addition,  also  covalently  cross-linkable  centers. 
For  the  enzyme  to  be  covalently  bound  to  the  network  in  a  simple 
one-step  process,  the  cross-linkable  groups  of  the  wire  should  be 
similar  to  cross-linkable  groups  found  in  the  enzyme.  The  first 
step  in  forming  the  network  is  complexing  a  cross-linkable,  but 
not  yet  cross-linked,  wire  with  the  enzyme  in  a  fast  homogeneous 
solution  reaction.  In  the  next  step,  the  enzyme-redox  polyelec- 
trolyte  complexes  are  cross-linked  to  form  the  network.  While 
the  enzyme  complexing  water-soluble  wires  have  high  molecular 
weight,  the  cross-linkers  are  smaller  water-soluble  macromdecules 
that  do  not  complex  strongly  either  the  enzyme  or  the  redox 
macromolecule  and  thus  do  not  break  up  their  complex.  Their 
molecular  weight  is  low,  so  that  they  will  not  excessively  adsorb 
on  the  electrodes  and  thereby  interfere  with  the  electrical  contact 
between  the  electrode  and  the  enzyme-redox  polymer  complex. 
When  the  aqueous  solution  of  the  cross-linker  is  mixed  with  the 
aqueous  solution  of  the  complex,  and  the  mixed  solution  is  con¬ 
centrated,  the  three-dimensional  structure,  relaying  electrons 
between  the  enzyme  and  the  electrode,  forms.  Usually  this  curing 
is  done  on  the  electrode  surface  itself. 

Enzyme  Wiring  Eposty  Cements 
Three-dimensional  redox  polyelearolyte  networks  that  elec¬ 
trically  connect  enzyme  redox  centers  to  electrodes  have  been 
formed  in  different  systems,’’"”  of  which  enzyme-wiring  hydro¬ 
philic  epoxy  cements  are  an  example.’*-”  Our  recipe  for  making 
wired  enzyme  electrodes  resembles  instructions  on  tubings  of 
household  epoxy  cements:  “on  a  clean  gold  or  carbon  surface 
thoroughly  mix  one  drop  of  the  liquid  in  the  blue  container  with 
one  drop  of  the  liquid  in  the  red  container,  apply  to  the  surface 
and  allow  to  cure  for  3  hours”.  In  our  case  the  “red”  component 
is  an  aqueous  solution  of  the  complex  formed  of  two  polyamines: 
the  enzyme,  having  lysine  amines  (and  other  epoxy-bondable 
functions),  and  the  wiring  redox  polymer,  now  modified  to  a 
polyamine  of  the  type  shown  in  Figure  2.  The  polymer  again 
has  a  poly(vinylpyridine)  backbone  with  about  one-third  to 
one-fifth  of  the  pyridines  complexed  to  [C)s(bpy)(2)Cl]*/’*  and 
about  half  the  pyridines  reacted  with  2-bromoethylamine,  so  as 
to  form  pyridinium-yV-ethylamine  polycationic  domains  that  make 
the  polymer  well  soluble  in  water  and  that  readily  react  with 
epoxides.  This  MW  130000  redox  polyelectrolyte  complexes 
enzyme  proteins  and  wires  their  redox  centers  also  without 
cross-linking,  as  seen  in  the  isoelectric  focusing  experiment  of 
Figure  3.  The  composition  of  the  complex  is  7:3  (w/w)  polymer 
to  glucose  oxidase.  Note  that  the  polyanionic  enzyme  moves  to 
the  anode  until  reaching  its  isoelectric  pH  domain.  The  polymer, 
a  polycation  at  any  pH,  smears  to  the  cathode  without  focusing 
at  a  particular  pH.  The  7:3  complex  formed  between  the  two  is 
immobile  at  pH  6.5.  The  polyamine  of  Figure  2  also  complexes 
and  penetrates  the  protein  shell  of  lactate  oxidase,**  glycero-3- 
phosjdmte  oxidase,**  and  cellobiose  oxidase,*’  wiring  these  enzymes. 
Both  the  redox  polyelectrolyte,  having  several  hundred  cross- 
linkable  amines,  and  glucose  oxidase,  with  15  lysine  amines,  react 
with  the  diepoxide.  The  cross-linking  diepoxide  is  a  MW  400-600 
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Figw«3.  Isoelectric  focusing  experiment  showing  formation  of  a  1:1 
(w/w)  complex  between  the  polycatkmic  redox  polyamine  of  Figure  2  and 
^uoose  oxidase;  I ,  isoelectric  focusing  pi  standard;  2,  glucose  oxidase; 
3,  redox  polymer;  4,  3:7  polymer /enzyme  (w/w)  ratio;  5, 1:1  polymer/ 
enzyme  (w/w)  ratio;  6,  4:6  polymer/enzyme  (w/w)  ratio;  7,  7:3  poly¬ 
mer/enzyme  (w/w)  ratio.  At  3:7  polymer  to  enzyme  ratio  (4)  the  com¬ 
plex  precipitated,  preventing  its  transfer  to  the  gel. 

poly(ethyiene  glyool)  diglycidyi  ether,  of  length  when  Ailly 
stretched  having  7-12  ethylene  oxide  units  between  its  terminal 
epnxid<n.  It  hu  been  chosen  because  it  is  water-soluble  and 
b^use  it  interacts  less  with  proteins  than  other  polymers. 

The  daOeage  of  AaalyziBg  Ae  Kinetics  of 
Thrce-DiBNaskwally  Wired  Enzyme  Electrodes 

Electrooxidation  of  a  substrate  like  glucose  at  an  electrode 
coated  with  the  three-dimensional  wired  enzyme  network  involves 
a  sequence  of  coupled  processes;  diffusion  of  the  substrate  to  the 
surface  of  the  hydrogel  and  the  product  away  from  it;  diffusion 
of  the  substrate  into  the  hydrogel  and  out-diliiision  of  the  product; 
oxidation  of  the  substrate  and  reduction  of  the  enzyme’s  redox 
center  according  to  eq  1;  electron  transfer  from  the  enzyme’s  redox 
center  to  a  nearby  redox  center  of  the  complexing  macromolecule; 
diffusion  of  the  electron  to  the  electrode,  through  percolative 
electron  transfer  within  and  between  redox  macromolecules;  and 
electnm  transfer  from  a  contacting  macromolecule  to  an  dectrode. 
In  the  strongly  hydrq)hilic  open  networks,  substrate  and  product 
din^usion  are  not  greatly  different  from  those  in  water.  Unless 
the  substrate  concentration  is  low  enough  to  make  the  reaction 
mass  transport  limited  also  in  the  absence  of  the  network,  this 
process  will  not  be  rate  limiting.^'  Electron  transfer  to  the 
dectrode  from  a  nearby  redm  center  of  the  redox  macromolecule 
is  also  fast  (simply  berkuse  the  centers  are  redox  couples  known 
to  be  fast).  The  rate-limiting  process  is  tentatively  perceived  as 
the  “spreading”  of  the  charge  from  the  reduced  enzyme  center 
throu^  the  wiring  network.^’ 

The  redox  polydectrolyte-to-enzyme  ratio  must  be  high  enough 
to  wire  most  of  the  enzyme  molecules;  furthermore,  bmuse  the 
conductance  of  the  network  increases  upon  increasing  the  redox 
polymer-to-enzyme  ratio,  whereby  the  average  electron-transfer 
distance  is  reduced,  a  high  polymer-to-enzyme  ratio  is  of  essence 
for  efficient  current  coUection  when  the  turnover  rate  of  the 
enzyme  is  high.  The  capadty  of  the  network  to  carry  current  by 
multiple  self-exchange  reactions  within  and  between  its  segments 
must  equal  or  exceed  the  capacity  of  the  incorporated  enzyme 
molecules  to  deliver  electrons. 

The  rate  of  electron  diH'usion  through  the  redox  polynier  itself 
can  be  increased  also  by  reducing  the  electron-transfer  distances, 
through  increasing  the  loading  of  the  polymer  with  redox  [Os- 
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Figwe  4.  Dependence  of  the  steady-state  current  density  on  the  glucose 
concentration  in  an  electrode  made  with  a  three-dimensional  redox  epoxy 
network  wiring  glucose  oxidase;  polished  vitreous  carbon;  air-saturated 
physiological  buffer;  0.4  V  vs  SCE;  1000  rpm.“ 
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Figoic  5.  Current-voltage  characteristics  of  a  7-f(m-diameter  glucose 
microelectrode  at  physiological  (5  mM)  glucose  concentration.  The 
electrode  is  an  epoxy-embedded  graphite  fiber  in  a  glass  capillary. 
Physiological  buffer;  scan  rate  5  mV  s~'.  1;  no  glucose;  2;  S  mM 
glucose.” 

(bpy)2Cl]'^^’'^  centers.  When  heavily  redox  cento^  loaded  networits 
are  used,  enzymes  like  glucose  oxidase  are  well  connected  at  10: 1 
polymer-to-enzyme  ratio  even  in  ~  1-fun-thick  films,  and  electrons 
are  coUected  by  the  electrode  faster  than  by  the  natural  oxidant 
of  the  enzyme,  molecular  oxygra.  The  current  cdlectioneffiaency, 
reflecting  the  relative  rates  of  electron  transfer  via  the  wiring 
network  to  the  electrode  and  electrim  transfer  to  oxygen,  can  be 
tracked  using  calibrated  rotating  ring-disk  electrodes.  Here  the 
gold  disk  is  coated  with  the  wired  enzyme;  the  ring  is  made  of 
platinum,  a  catalyst  for  oxidation  of  the  H2O2  generated  through 
oxidation  of  the  enzyme  by  reaction  2.  In  the  absence  of  a  disk 
potential  sufficient  to  oxidize  the  wiring  network,  the  enzyme  in 
the  network  on  the  disk  produces  only  hydiogoi  peroxide,  the  flux 
of  which  is  observed  as  a  ring  electrooxidation  current  when  the 
ring  is  poised  at  0.7  V  (SCE).  The  fraction  of  the  enzyme 
electric^y  well  connected  to  the  electrode  can  be  estimated  from 
the  loss  in  ring  current  when  the  oxidizing  disk  potential  is  turned 
on,  i.e.,  when  the  wiring  network  and  oxygen  compete  for  electrons 
from  the  enzyme  FADH2  centers. 

Wired  Enzyme  Netw«k  Based  Microelectrodes 

In  semiinfinite  electrodes  and  in  concentrated  glucose  solutions, 
the  steady-state  current  density  reaches  0.8  mA  cm'^  (Figure  4). 
In  microelectrodes  the  current  densities  are  even  higher,  reaching 
2  mA  cm'^  because  electrons  diffuse  now  radially  to  the  electrode 
surface.”  In  microelectrodes  made  with  7-Mm-diameter  epoxy 
embedded  graphite  fibers  in  glass  capillaries  of  20-Mm  o.d.,  we 
observe  at  physiological  5  mM  glucose  concentration  an  easy  to 
measure  0.2-nA  current  (Figure  5)  and,  at  limiting  glucose  con¬ 
centration,  a  current  of  I  nA.  In  these  microelectrodes,  electron 
transfer  to  the  wiring  network  competes  effectively  with  electron 
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Fifiirc  6.  Response  of  the  glucose  microsensor  of  Figure  S  in  a  flow 
Systran  to  a  glucose  injection  (S  mM  glucose)  as  indicated  by  the  arrow.^ 


FltuK  7.  Dependence  of  the  steady-state  current  on  the  glucose  con¬ 
centration  in  a  redox-epoxy  wired  glucose  electrode  made  with  glucose 
oxidase  genetically  engineered  for  improved  thermal  and  pH  stability 
(3-mm-diameter  vitreous  carbon  electric,  stirred  aerated  physiological 
buffer,  0.5  V  vs  SCE).« 

transfer  to  oxygen.  When  the  glucose  solutions  are  air-saturated, 
the  current  is  only  3%  higher  than  in  deaerated  solutions  under 
nitrogen  (Figure  6).^’ 

Stability  iA  Wired  Enzynes 

Electrodes  made  with  three-dimoisionally  wired  epoxy  networks 
can  be  stored  at  25  °C  either  in  air  or  in  buffer  solutions  near 
pH  7  without  substantial  change  for  at  least  a  month.  It  is  possible 
that  electrodes  made  with  glucose  oxidase,  genetically  engineered 
for  improved  thermal  and  pH  stability,*^  will  be  even  more  stable 
upon  storage.  In  the  engineered  thermostable  enzyme  the  oli- 
gosuxharide-to-protein  ratio  is  greatly  increased,  resulting  in  lower 
spedTic  activity^'  and  in  a  thklm  insulating  sheU  around  the  redox 
centers.  We  were,  nevertheless,  able  to  connect  the  redox  centers 
of  the  thermostable  enzyme  to  electrodes  using  epoxy  cements 
(Figure  7).'^  Because  the  redox  polymer  network  excludes 
proteolytic  enzymes,  the  network-onb^d^  enzyme  appears  stable 
to  their  attack.  With  the  potential  applied,  the  electrodes  made 
with  the  standard  enzyme  from  Aspergillus  niger  operate  at 
ambient  temperature  in  an  aqueous  buffed  glucose  solution  with 
a  '^2%  loss  of  current  per  day.^^  The  rate  of  current  decay  is 
faster  at  37  ”C,  and  the  electrodes  require  more  frequent  re¬ 
calibration.  Interesdngly,  when  used  in  blood  plasma,**  the  current 
of  the  electrodes  drops  drastically  but  reversibly;  the  current  is 
restored  when  the  electrodes  are  removed  from  blood  and  are 
retested  in  glucose-containing  buffer. 

Initial  in  Vivo  Experiments 

Even  with  the  substantial  reversible  current  loss  in  blood,  we 
were  able  to  observe  in  experiments  involving  subcutaneously 
inserted  needle-type  redox  polymer  wired  glucose  electrodes  current 
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Flgorc  8.  Suppression  of  the  ascorbate  electrooxidation  current  upon 
injection  of  lactate  in  a  wired  glucose  oxidase  electrode  coated  with 
immobilized  peroxidase  and  lactate  oxidase.  Lactate  and  oxygen  react 
in  the  presence  of  lactate  oxidase  to  form  pyruvate  and  hydrogen  per¬ 
oxide.  Hydrogen  peroxide  oxidizes  ascorbate  in  the  presence  of  horser¬ 
adish  peroxidase.*’’ 

changes  paralleling  independently  measured  blood  glucose  levels. 
Because  the  current  in  thoe  iteedle-type  maiTodectrodes  was  mass 
transport,  i.e.  glucose  difliision,  limited  and  because  thdr  respcmse 
was  fast,  the  electrodes  were  sensitive  to  movement.  To  r^uce 
movement  sensitivity,  our  tn  vivo  assays  involve  now  coincidence 
measurements  made  with  pairs  of  suboitaneous  electrodes.  The 
coincidence  measurements  allow  rejection  of  current  transients 
resulting  from  the  movement  of  one  limb  of  a  pair  with  implanted 
subcutaneous  sensors.  Either  such  coincidence  measurements  or 
microelectrode  arrays,  where  the  current  is  not  mass  transport 
limited,  are  likdy  to  allow  reduction  of  electrode-movement-related 
noise. 

EUmiBatioii  of  Currents  from  Electrooxidizable  Interfcmnts 

The  electrodes,  when  used  as  biosensors,  can  be  quite  sensitive 
to  electrooxidizable  constituents  other  than  the  substrate  of  the 
wired  enzyme.  Conunon  interferants  in  amperometric  blood 
glucose  assays  include  ascorbate  (vitamin  C),  urate,  and  acet¬ 
aminophen,  known  in  the  U.S.  as  Tylmol.  These  compounds  are 
electrooxidized  on  the  Os-complex  loaded  electrodes.  We  eliminate 
their  interference  by  preoxidizing  the  samples  at  pooxidase  films 
applied  to  our  electrize  surfaces.'^  While  glucose  is  immune  to 
rapid  oxidation  by  hydrogen  peroxide  in  the  presence  of  a  per¬ 
oxidase,  the  interferants  are  promptly  oxidized.  The  peroxide 
required  to  make  the  electrodes  highly  ^uoose  specific  is,  of  course, 
not  externally  added  in  implanted  electrodes  but  generated  in  situ 
using  an  oxidase  of  a  serum  constituent  such  as  lactate.  An 
example  of  the  supjxession  of  the  effects  of  interfoants  in  a  wired 
glucose  oxidase  electrode  through  an  added  layra-  of  lactate  oxidase 
and  peroxidase  is  seen  in  Figure  8.  Here  Mood  lactate  and  oxygen 
react  to  form  pyruvate  and  hydrogen  peroxide;  the  peroxide  ox¬ 
idizes  peroxidase,  and  the  oxidized  peroxidase  then  oxidizes  and 
thus  eliminates  the  interferants.'* 

A  View  of  the  Status  of  Amperometric  Biosensors  for  in  Vivo 
Applications  and  Feedback  Loops 

Solutions  are  now  in  hand  to  some  of  the  problems  associated 
with  building  in  vivo  biosensors,  including  solution  to  the  problem 
of  building  biosensors  where  all  components  are  bound  in  a  single 
giant  three-dimensional  structure,  i.e.,  without  components  that 
might  leach  into  the  blood;^*  to  the  problem  of  eliminating  in¬ 
terferants,  common  in  the  blood,  that  affect  the  accuracy  of  the 
readings;*^  and  to  the  problem  of  high  enough  current  densities 
to  allow  miniaturization  to  dimensions  diaractoistic  of  oomponraits 
in  microelectronic  devices.’’  Problems  that  remain,  and  on  which 
colleagues  worldwide  and  we  are  working,  are  stabilization  of  the 
response  of  the  sensors  in  order  to  extend  the  period  between  their 
required  recalibration  or  replacement;  exclusion  of  the  blood 
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comp(»ent  that  reversibly  suppresses  the  current;  attachment,  by 
oovaknt  bonding,  of  poly(ethylene  oxide)  or  other  nonfouling  blood 
oompatible  membranes  to  the  surface  of  the  electrodes;  and  further 
reduction  in  sensitivity  to  motion.  While  these  problems  are  real, 
all  can  be  addressed  by  applying  already  existing  knowledge. 
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A  two-component  radox-oooducting  epoxy  cement  has  been  pfcpartd  and  electrocbemically  characterized.  The  radon  epoxy, 
designed  for  use  in  enzyme  electron  (see  following  paper),  is  formed  by  reacting  two  water-soluble  components  (a  poly- 
(vinyipyridine)  complex  of  Oi(bpy)2CI  and  a  diqpoodde)  under  near-physiological  conditiooL  The  resulting  films  ara  hydropiulic, 
strong  hound  to  9)ld  and  carinn  electrode  surfaces,  and  highly  permeable  to  water-soluble  molecules  and  ions.  TbeelectTon 
“diffusion  coefficient”,  of  such  films  at  25  *C,  pH  7  is  approximately  (2-4)  X  l(r*  cmVs  and  shows  an  activation  energy 
of  60  A  2  kJ/mol.  0,  increases  with  increasing  ionic  stren^h  and  with  decreasing  pH.  Measurement  of  the  characteristic 
current  densities  for  electron  “diffusion”  and  for  the  dectrocatalytic  oxidation  of  bydroquinone  in  the  redox  polymer  shows 
that  a  substantial  portion  of  the  film  is  electroactive. 


lalraipedM 

Our  interest*'*  in  enzynra  electrodes^'^  has  led  us  to  develop 
a  novel  method  for  making  cross-linked  redox  polymers  that 
resemble  hydrophilic  epoxy  cements.  Binding  an  enzyme  cova¬ 
lently  into  a  polymer  film  on  an  electrode  surface  demands  a 
hydrophilic  and  enzyme-binding  reaction  that  can  occur  under 
near-phyriological  conditions  and  that  results  in  a  polymer  matrix 
that  promotes  the  stability  of  the  enzyme.  Furtlm  desirable 
charKteristks  in  sudi  polymers  include  fast  diffusion  of  substrate 
and  product  through  the  polymer  film,  rapid  electron  sdf-exdiange 
in  the  redox  polymer,  and  facile  electrical  communication  with 
the  active  she  of  the  oxidoreductase.  We  ijrcviously  reported*  a 
redox  pofymer  baaed  on  a  poly(vinylpyridine)  oompla  of  osmium 
bbfbipyridine)  chloride  that  was  cross-linked  by  the  reaction 
between  pendant  Af-hydroxysuccinimide  groups  and  lysines  on  the 
enzyme  surface.  However,  competition  between  the  desired  am- 
ino^m  of  the  JV-hydraxysnodnimide  groups  and  their  spontaneous 
hythoiyds  resulted  in  unsatisfactory  variations  from  film  to  film. 
Here  we  report  an  improved  and  simplified  polymer  and  a  process 
that  empk^  a  daaskal  cross-linking  reaction  and  results  in  du¬ 
rable  and  reproducible  polymer  films.  The  cross-linking  process 
consists  of  the  reaction  between  a  commercially  available, 
water-soluble  diepoxide  and  the  primary  amino  functimis  both 
on  the  enzyme  surface  and  pendant  on  the  polymer.  We  describe 
the  synthesis  of  the  potymer  and  examine  the  effects  of  crosB-linko- 
conoentration,  ionic  strength,  pH,  and  temperature  on  iu  elec¬ 
trochemical  behavior.  The  permeability  of  these  redox  polymer 
films  to  a  test  compound,  p-benzoquinone,  is  described  as  is  the 
electrocatalytic  oxkUtion  of  hydroquinone.  These  results  allow 
us  to  characterize  the  kinetics  of  substrate  permeaWlity,  electron 
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“diffusion*,  and  electrocatalysis  in  these  films  and  compare  them 
to  known  redox  polymers.  The  following  paper  des^bes  the 
electrochemical  characteristics  of  these  r^x  polymer  films 
containing  covalently  bound  glucose  oxidase. 

Exprrlarantal  Sectiou 

Chemicals.  2-Bromoethylamine  hydrobromide  (Aldrich), 
poly(ethylene  glycol)  diglyddyl  ether  (Polysciences,  PEG  400, 
cat.  no.  08210),  KjCisClji  (Johnson  Matthey),  and  Na-HEPES 
(sodium  4-(2-hydTOxyethyI)-l-piperazineettonesulfonate)  (Aid- 
rich)  were  used  as  received.  Pdy(4'Vinylpyridine)  (PVP,  Po- 
tysciences,  MW  50,000)  was  purifi^  three  times  by  dissolution 
in  methanol,  filtration,  and  precipitation  with  ether.  Unless 
otherwise  noted,  all  experiments  were  performed  at  room  tem¬ 
perature  in  a  standard  aqueous  buffer  sohitioi  containing  100  mM 
NaCl  and  20  mM  phosphate  at  pH  7.1. 

Redox  Polymer,  POo-EA.  cfs-bis(2,2'-bipyridine-ArA‘)di- 
cfal(»cosmium(II)'’  (0.494  g,  0.864  mmol)  and  poly(4-vinyl- 
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Reckn-Conductiiig  Epoxy  Cement 

••  PO»-EA 


flw)ta  ^ 


Flfve  I.  (a)  Approximate  cbonical  itnictuK  of  the  oamium-oontaiiiiiig 
redox  polymer  backbone,  POs-EA;  bpy  ti  2,2'-bipyridine.  (b)  Chemical 
ftructure  of  the  diepoxide  crots-linking  agent,  (c)  General  reaction  of 
an  epoxide  with  an  amine. 

pyridine)  (0.430  g,  4.09  mequiv)  were  heated  under  nitrogen  at 
reflux  in  18  mL  of  ethylene  ^ycol  for  2  h.  After  the  solution  was 
cooled  to  room  temperature,  30  mL  of  DMF  and  l.S  g  of  2- 
bromoethylamine  hydrobromide  (7.3  mmol)  were  added,  and  the 
solution  was  stirred  at  4S  ”C  overnight.  Tte  crude  polymer  was 
precipitated  by  pouring  the  solution  into  rapidly  stirred  acetone. 
The  hygroscopic  precipitate  was  collected,  dissolved  in  H2O, 
filtered,  and  precipitated  as  the  PFc~  salt  by  addition  of  a  srdution 
of  NH4PF«.  The  dry  PF^*  salt  (0.49  g)  was  then  dissolved  in  20 
mL  of  acetonitrile,  dilut^  with  SO  mL  of  H}0,  and  stirred  over 
S.2  g  of  anion  exchange  beads  (Bio-Rad  AG1*X4,  chloride  form) 
for  2  h.  This  solution  was  flltoed  and  evaporated  under  vacuum 
to  ca.  10  mL.  Concentrated  HCI  was  then  added  to  pH  2,  and 
the  solution  was  dripped  into  rapidly  stirred  acetonitrile.  The 
precipitate  was  fllte^  and  dried  in  a  vacuum  desiccator. 

Both  hexaflttorophosphate  and  chloride  forms  of  the  polymer 
were  analyzed  by  elemental  analysis  (Galbraith)  and  by  visible 
absorption  spectrophotometry.  The  approximate  structure  of  the 
polymer  (hereinafter  referr^  to  as  POs-EA)  at  pH  7  is  shown 
in  Hgure  1.  The  estimated  molar  mass  of  the  polymer  repeat 
unit,  as  precipitated  at  pH  2,  is  ISIO  g/equiv. 

Electndct.  A  representative  electr^  film  was  prepared  as 
follows:  a  vitreous  carbon  rotating-disk  electrode  (3  mm  diameter) 
was  polished  on  a  polishing  cloth  sequentially  with  alumina  of 
decr^ng  particle  size  (1  foiu  0.3  fan,  0.0S  fan),  sonicated,  rinsed 
with  water  after  every  pdish,  and  then  dried  in  air.  A  SO-4L 
portion  of  a  stock  solution  of  POs-EA  (4  mg/mL  in  10  mM 
HEPES,  pH  8.2)  was  added  to  10  fiL  of  a  stock  solution  of 
poly(ethylm  glyr^)  diglycidyl  ether  (PEG,  2.3  mg/mL  in  H2O). 
Of  tte  resulting  mixture,  2  fiL  was  applied  to  the  vitreous  cartxm 
disk  and  allowed  to  dry  and  set  up  at  37.5  ”C  for  48  h.  The 
electrodes  were  then  rin^  in  H2O  for  10  min  to  remove  any  salts 
and  unreacted  species  and  dri^  at  37.5  *C  for  one  more  hour 
before  use. 

Deactivated  gold-disk  electrodes  for  the  electrocatalysis  ex¬ 
periments  were  prepared  polishing  with  alumina,  as  above,  but 
on  a  tissue  (Kimwipe)  surface.  This  treatment  reproducibly 
decreased  the  electron-transfer  kinetics  for  gold  electrodes,  al¬ 
though  the  mechanism  for  this  decrease  is  uncertain. 

Efu^ment  Electrochemical  measurements  were  performed 
with  a  Princeton  Applied  Research  175  universal  programmer, 
a  Model  173  potentiostat  and  a  Model  179  digital  coulometer. 
The  signal  was  recorded  on  a  Kipp  and  Zonen  X-Y-Y'  recorder. 
A  single-compartment,  water-jacketed  electrochemical  cell  was 
used  with  an  aqueous  saturated  calomel  (SCE)  reference  electrode 
and  a  platinum  counter  electrode.  All  potentials  are  reported  vs 

(13)  Lay,  P.  A.;  Saffsioe,  A  M.;  Taube,  H.  /aorr.  Syn.  iMt,  24, 
291-306. 
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SCE.  The  rotating-disk  experiments  utilized  a  Pine  Instruments 
AFMSRX  rmator  and  MSRS  speed  control. 

ChrnnnaffrnmrtTy.  Theee  measurements  were  petformed  with 
a  Princeton  Applied  Research  Model  273  potentiostat  The  po¬ 
tential  was  initially  held  at  0.0  V  vs  SCE  for  1 5  s,  then  stepped 
to  0.60  V  for  0.3  s  before  stei^ng  back  to  0.0  V.  The  slopa  of 
the  resulting  i  vs  plots  were  ur^ected  Iqr  extending  the  range 
of  the  potential  step  (-0.2  V  to  0.7  V)  or  by  varying  the  reiideaoe 
time  (0.2-0.5  s).  Three  hundred  data  points  were  recorded.  The 
reported  results  are  avera^  of  four  or  five  measurements.  The 
temperature-resolved  experiments  began  with  the  water-jadceted 
cell  and  electrolyte  solution  at  ca.  5  *C.  The  cell  was  slowly 
warmed  (~40  */h)  with  a  heat  gun  while  the  temperature  was 
measured  with  a  thermometer  dose  to  the  electrode.  The  electrode 
was  rotated  at  500  rpm  to  promote  mixing  and  prevent  temper¬ 
ature  gradients. 

Rcsnlls  and  Dfscnadon 

Redox  Polymer,  POa-EA.  The  immobilization  of  enzymes  in 
inert  polymers  has  been  the  subject  of  extensive  research.*^'^ 
POs-EA  (Figure  1)  is  a  variation  on  our  previously  reported 
osmium-containing  polymer*  in  which  cross-linldng  is  now  achieved 
via  the  reaction  of  a  commerdally  available,  water-soluble  diep¬ 
oxide  with  the  pendant  amine  functions  on  the  polymer  as  w^ 
as  with  amine  functions  (e.g.,  lysines)  on  the  enzyme  surface.  This 
material  is  synthetically  simpler  than  the  previous  polymer  and 
stable  in  aqueous  solution  for  at  least  I  month.  The  reaetkm 
between  epoxide  and  amine  proceeds  very  slowly  in  neutral 
aqueous  solution.  Thus,  a  solution  of  POt-EA  containing  the 
diepoxide  (PEG),  with  or  without  enzyme,  can  be  prepared  that 
remains  essentially  unreacted  for  at  least  48  h.  The  reaction 
between  epoxide  and  amine  takes  plaoe  to  a  significant  extent  only 
after  the  solution  has  been  dried  onto  a  surface.  This  greatly 
enhances  the  simplicity  and  reprodudhility  of  the  electrode-making 
process  relative  to  the  previous  pedymi^  whidi  contained  N- 
bydraxysuodnimide  groups  capabfe  of  reacting  both  with  primary 
amines  omf  with  water.  The  reaction  between  the  diepoxide  and 
POs-EA  (sec  F^ure  1)  does  not  change  the  charge  density  on 
the  polymer,  it  simply  transforms  a  peixtot  primary  amine  group 
into  a  secondary  amine  when  it  reacts  with  one  epoxide,  or  to  a 
tertiary  amine  when  it  reacts  with  two  epoxides. 

Both  POs-EA  and  PEG  are  highly  water  soluble.  The  h)^ 
drophilidty  oi  the  two  components  of  the  redox  polymer,  and  tte 
use  of  a  h)^  cross-linking  agent  (PEG  is  approximately  40  A  long 
when  extended),  were  expected  to  result  in  a  highly  swollen, 
gel-like  redox  polymer  structure  that  would  promote  facile  per¬ 
meation  rf  the  films  by  substrate  and  product  mdecules.  We  show 
below  that  these  films  are  indeed  highly  permeable  to  solution 
species.  The  epoxy-amine  network-forming  reaction  yidds  tou^ 
hydrophilic  r^ox-conducting  epoxy  cements  that  are  strongly 
adsorbed  to  platinum,  gold,  ITO,  graphite,  or  vitreous  carto 
electrode  surfaces. 

TyiHcal  cyclic  voltammograms  of  POs-EA  cross-linked  with 
5.9  wt  %  PEG  on  a  vitreou»«arbon-disk  dectrode  in  the  standard 
aqueous  buffer  solution  at  pH  7.1  are  shown  in  Figure  2.  At  low 
scan  rates  (Figure  2a)  the  voltammograms  exhibit  the  dassical 
symmetric  ^ape,'*  showing  the  reversible  oxidation  and  reduction 
of  a  surface  bound  species  with  an  apparent  standard  potential 
of0.28VvsSCE  Faster  scan  rates  (Figure  2b)  lead  to  a  splitting 
of  the  oxidation  and  reduction  peaks  and  to  a  tailing  of  the  waves 
characteristic  of  a  difliision-limited  process. 

Effects  of  Ones  Hnkrr  Concentratien  on  Peak  Potsntial  and 
Peak  Width.  A  series  of  eight  electrodes  were  made  with  con¬ 
centrations  of  the  cross-linkii^  agent  (PEG)  varying  from  2%  to 
21%  of  the  total  film  weight.  The  highest  concentration  corre¬ 
sponds  to  about  one  molei^  of  PEG  per  3.8  reactive  sites  on  the 
polymer  (i.e.,  per  1.9  amines,  each  rf  which  can  react  twice). 

(14)  Mosbacii,  K.,  Ed.  MtihoJi  in  Eiuymoloty,  Academic  PiasK  New 
York,  1967;  Vota.  135-137. 

(15)  Trevaa,  M.  D.  ImmMlistd  Eiaymtr,  Wiley;  New  York,  1910. 

(16)  Murray,  R.  W.  In  Elmroimalytieal  Chemistry;  Bard,  A  J.,  Ed.; 
Marcel  Dekker  New  York,  19M;  pp  191-36S. 
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ngml  Cyclic voitanunagmni of POr-EAcroulinked with S.9wt% 
PEG,  r  w  X  l(r*  lnal/cln^  ia  the  lUaderd  bufTer  at  pH  7.1.  The 
mimbenanthecarvccgivBtheiGaanteiamV/*.  (a)  S  -  S6.6  mA/coi^. 
(b)  5  -  566  MA/cin> 

Apfuoxiimtely  the  same  total  weight  of  PO»-EA  plus  PEG,  S^g, 
was  applied  to  each  electrode  (geometrical  area  «  0.071  cm^). 
The  amount  of  polymer  that  remained  bound  to  the  electrode 
surface  wu  found  to  be  independent  ci  cram-linker  concentration. 
Alter  the  48>h  reaction  time,  86%  ^  6%  of  the  POs-EA  originally 
applied  to  the  electrode  surface  was  electroactive,  as  measured 
I9  integrating  the  current  under  a  <^ic  voltammogram  at  a  slow 
scan  rate  (I  mV/s).  When  the  reaction  time  was  extended  to  3 
days,  an  average  of  90%  remained  bound  to  the  surface.  Thus, 
even  lightly  cross-linked  films  are  almost  quantitatively  secured 
to  the  electrode  surface. 

Increasing  the  concentration  of  cross-linker  in  the  polymer  films 
shifts  the  apparent  standard  potential,  £*,  of  the  osmium  oou|de 
to  more  pori^  values  and  increases  the  peak  width  at  half-height, 
oxidation  and  reduction  waves  (Figure  3).  Most 
redox  polymer  films  exhibit  an  greater  t^  the  theoretical 
value  of  90.6  mV,'*  although  narrower  peaks  have  also  been 
observed.  The  POs-EA  films  exhibit  pesik  widths  as  low  as  68 
mV  at  low  cross-linker  concentration  (2%  by  weight)  and  increase 
up  to  approximately  the  theoretical  value  at  high  PEG  concen- 
tratioa  (21%  by  wei^t).  The  oxidation  peaks  were  always  slightly 
narrower  than  the  reduction  peaks  (Hgure  3). 

“Dlllbilnn  CmWIcIsnli*’  for  Chnige  ftepngatlnn  Potential  stq> 
chronoamperometry'*  leads  to  the  determination  of  the  product 
wtoe /),  is  the  “diffiision  ooeflident*  for  the  diffusion-like 
propagation  of  charge  through  the  polymer  film  and  Cp  is  the 
concentration  of  redox  centers  in  the  film.  Thus,  if  Cp  or, 
equivalently,  the  film  thkkneu  is  known,  D,  may  be  calculated. 
Since  the  fto  thkknem  under  experimental  conditions  is  usually 
not  known  preciaely,  the  value  of  D,CJ  (or  its  square  root)  is  often 
reported.  Chronoamperometry  in  the  standard  buffer  solution 
at  room  temperature  of  the  ei^t  electrodes  with  varying  cross¬ 
linker  concentration  led  to  the  values  of  D,Cf^  shown  in  Figure 
4.  Within  the  accuracy  of  these  measurements  (^30%),  G,Cp^ 
does  not  exhibit  any  oMous  trend  with  concentration  of  cross- 
linker,  the  variations  between  electrodes  are  seemingly  random. 
The  avoage  value  and  standard  deviation  of  />,C^for  the  eight 
electrodes  it  (6.4  ±  0.9)  x  10*'*  md^  cm**  s~'.  This  compares 
well  with  literature  results  for  similar  polymers.'^'*  As  an 
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FigBK  3.  (a)  Change  in  the  peak  potential  of  POs-EA  with  increasing 
wt  %  cross-linker.  Average  electroactive  surface  coverage  is  T  «  (3.7  ± 
0.3)  X  10^  mol/cm’.  (b)  Change  in  pMk  width  at  half-height, 
with  increasing  wt  %  cross-linker  for  oxidation  peaks  (6)  and  reduction 
peaks  (6)  measured  at  3  mV/s. 
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PigHre  4.  Change  in  chronocoulometric  response,  shown  ar  ,  Cp^  with 
increasing  wt  %  cross-linker  for  electrodes  described  in  r<g<ir  .  t. 


illustration  of  the  magnitude  of  the  dectron  "diffuskm  coefRcient”: 
if  the  concentration  of  redox  sites  in  the  polymer,  Cp,  were  6.S 
X  10-*  mol/cm^  (corresponding  to  a  dry  film  at  pH  7  with  9% 
by  weight  cross-linker  and  a  density  of  1.0  gm/cm’),  then  <■ 
(1.5  ±  0.2)  X  10^  anV»-  If  Cp  were  5.0  X  1(H  md/cm^  (cor¬ 
responding  to  a  partially  sdvent-swoUen  film),  then  D,  (2.6  :h 
0.4)  X  ICF*  cmvs. 

Interpretation  of  as  the  “diffusion  coefficient”  for  charge 
propagation  through  the  polymer  film  requires  that  charge 
propagation  be  the  rate-limiting  step  in  the  chronoamperometric 
response,  rather  than,  for  example,  the  flow  of  charge-compen¬ 
sating  counterions.  A  steady-state  method  of  measuring  D,  that 
eliminates  interferences  from  other  possiUe  rate-limiting  processes 
and  that  does  nd  require  knowledge  of  Cp  has  been  described.* 


(20)  Chen,  X.;  He,  P.;  Ftulkiier,  L.  R.  J.  Eltetromal.  Chern.  I9t7, 222, 
223-242. 
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Plfm  S.  ArrbeniiH  plot  of  chranooouloiiietric  retpotue,  D,C^,  as  a 
function  of  tempenture  for  four  clectrodea  with  crota-UnkM  oonoatra- 
tiona  ranging  from  2%  to  21%  by  weight. 

We  applied  this  technique  to  corroborate  our  values  of  DjCp^ 
obtain^  from  chronoamperometry.  A  relatively  thick  layer  of 
POs-EA  was  deposited  over  both  ring  and  disk  of  a  ring-disk 
electrode  and  the  steady-state  disk  current  was  measured  with 
both  ring  and  disk  biased  at  0.50  V  (polymer  in  the  Os'"  state) 
and  with  the  disk  at  0.50  V  and  the  ring  at  0.00  V  (Os"  state, 
i.e.  electrons  flowing  from  ring  to  disk).  From  the  difference  in 
the  two  steady-state  currents  and  a  knmiedge  of  the  dimoisions 
of  the  ring  and  the  disk,  an  apparent  value  of  f),  «■  4  X  l(r*cm^/s 
was  estimated.*  The  uncertainty  in  this  experiment  is  large 
because  of  the  small  signal-to-noise  ratio;  nevertheless,  the  ap- 
proxinute  agreement  with  the  chronamperometric  results  lends 
confidenoe  to  our  interpretation  that  there  measurements  reflect 
the  “difruskm  coefficient*  for  electrons. 

For  descriptions  of  electrocatalytic  reactions,  the  measurement 
of  D,Cf*  can  be  combined  with  the  experimentally  measured 
eleetroactive  surface  coverage,  r,,  to  caki^te  the  fimiting  current 
density  for  electron  *diffu^”, through  the  polymer  film'^'^''* 
according  to 

J,  -  FD,Cp^/Tp  (1) 

where  F  is  Faraday’s  constant,  j,  expresses  the  maximum 
steady-state  current  density  for  an  electrocatalytic  reaction  oc¬ 
curring  only  at  the  polymer/solution  interface,  eq  1  being  sim|dy 
the  Fi^'s  Law  expression  for  electron  ‘diffusion*  through  a 
completely  oonoentratkm-poiarired  film  of  thickness  d  >  F^Cp. 
If  the  electrocatalytic  reaction  occurs  throughout  the  bulk  of  the 
polymer  film,  or  prmuuily  in  a  zone  dose  to  the  electrode  surface, 
current  densities  substantially  higher  than^,  may  be  attained.*^ 
The  average  eiectron-*difrusion”-limited  current  density  for  the 
electrodes  shown  in  Figure  4  is^,  ■  1.7  Jb  0.3  mA/cm^. 

Aethadea  Energy  for  Charge  Transfer.  The  chrmoampero- 
metric  responses  of  four  electrodes  (wt  %  PEG;  2.0, 5.9, 9.1,  and 
21)  were  measured  as  a  function  of  temperature.  Figure  5.  The 
activation  energies  for  dectron  "diffusion”  of  these  electrodes  woe 
identical  within  experimental  error  ^  2  kJ/mol.  Thus, 

a  single  line  is  fitted  to  the  data  for  there  four  dectroto  in  Figure 
5.  Forster  et  ai.'*  reported  activation  energies  for  a  similar,  but 
noncross-linked,  osmium-containing  polymer  that  varied  from  16 
to  122  kJ/mol  depending  on  the  type  of  electrolyte  and  the  kmic 
strength,  while  Lyons  et  al.*  repo^  that  ranged  from  32 
to  43  kJ/mol  for  a  similar,  but  noncross-linked,  rut^ium-con- 
taining  polymer.  The  ladt  of  a  dependence  of  Em  on  cross-linker 
concentration  contrasts  with  the  results  of  Oh  and  Faulkner," 
who  observed  an  almost  linear  increase  in  the  activation  energy 
of  Dp  with  increasing  cross-linker  concentration,  from  about  25 
kJ/i^at4%cross-liidcertoabout59kJ/mdat  12%  cross-linker. 


(21)  Aadrieex,  C.  P.;  Ssvesat,  J.  M.  J.  Bltoroamd.  Chem.  IM2, 134, 
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Figac  6.  Change  in  chronoamperometrk  response,  D,C^,  with  ooo- 
oentration  of  sodium  chloride  for  a  vitreous  caittm  eiectr^  coated  with 
POs-EA,  r  -  2.7  X  mol/cm»,  4.0  wt  %  PEG. 


Flgare  7.  Change  in  chronoamperometric  response,  DJC^,  wit^H  for 
a  vitreous  carbon  electrode  coated  with  POr-EA,  F  >  2.2  X  10^  md/ 
cm*,  5.9  wt  %  PEG. 


Their  result  was  interpreted  as  implying  that  dectron  "diffusion* 
was  controlled  by  segmental  motions  of  the  polymer;  i.e.,  the 
electron  would  h^  between  redox  sites  only  after  random  fluc¬ 
tuations  of  the  polymer  brought  the  two  sites  together.  Increasing 
the  degree  of  cross-linking  restricted  polymer  chain  motion  and 
thus  increased  Emi-  discrepant  behavior  of  POs-EA/PEG 
may  be  explained  by  our  use  of  a  very  long  cross-linl«r,  the  length 
from  pyrk^  to  pyridine  along  the  (extended)  PEG  diain  is  abrat 
48  A,  i.e.  much  greater  than  the  average  osmium  com|dex  to 
osmium  cmnplex  distance  along  the  polymer  badebone  (<>>15  A). 
Hence,  PEG  probably  does  not  greatly  restrict  the  short-range 
polymer  segmental  motion,  which  presumably  controls  the  elec¬ 
tron-transfer  process. 

Effect  of  leak  Strength  and  pH  on  Charge  Transfer.  The 
kinetics  of  charge  transfer  through  the  pdymer  film,  u  expressed 
by  f>,Cp^  is  a  function  of  both  the  ionic  strength  of  the  solution 
and  of  the  pH.  Figure  6  shows  the  change  in  DJC^  for  a  vitreous 
carbon  dectrode  coated  with  POs-EA  (F  >  2.7  X  Iff^  moi/cm^ 
4.0  wt  %  PEG)  as  NaQ  is  added  to  a  sohition  of  10  mM  phoqphate 
buffer  at  pH  7.1.  Such  an  increase  in  DJC^  with  ionic  strength 
has  been  observed  previously."  This  nuy  be  caused  by  the  in¬ 
creased  seif-association  of  the  iml^er  at  high  ionic  strengths, 
as  is  often  observed  in  sdutkxi,*^  i.e.  by  an  increase  in  rather 
than  Dp.  The  tendency  for  polyelectrolytes  to  self-assoaate,  or 
coil,  with  increanng  ionic  stren^  has  been  held  responsible  for 
the  decrease  in  effldency  of  noncross-linked,  redox  polymer- 
mediated  oxidation  of  glucose  oxidase  at  high  ionic  strength.^ 
This  decrease  in  effidency  is  still  evident,  ^t  substantially  al¬ 
leviated,  in  glucose  oxidase  containing  films  of  POs-EA/P^,” 


(25)  Katchabky,  A.  Pure  Appl-  Chem.  1971,  26,  327-373. 
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Solatia,  Cbuuadon  Press:  Oxfovd,  1976. 

(27)  Ongg,  B.  A.;  HeUer,  A.  UapnblUMd  retails. 


Gregg  and  HdlCT 


SI74  The  Journal  of  Physical  Chemistry,  Vol.  95.  No.  15.  1991 


a 


••J  M 

a  !  VaHi  i>(  SCE 


r*  It*  I  Bol  cnr> 

Flgae  S.  (a)  Reductkni  of  1.1  mM  benzoquinone  on  a  PO»-EA/PEG- 
coated  gold-disk  electrode  at  S  mV/s.  Electrode  area  is  0.071  cm^ 
surface  corei^  is  r*  2.1  X  KT^mol/cm^  The  numben  on  the  carves 
give  the  rotation  rate  in  rpm.  (b)  Kootecfcy-Levich  plots  of  benzoquinone 
reductkm  current  at  -0.3  V  at  POs-EA/PEG-ooated  electrodes  as  a 
function  of  surface  coverage;  (O)  bare  gold  dectiode;(e)r>  2.1  X  IIT* 
mol/cfn^  (+)  r  ■  5.2  X  IIT*  mol/cm^  (d)  T  ■  9.7  X  10^  mci/cm*. 
(c)  Benzoquinone  permeation  current  density  per  miliimolar  concentra¬ 
tion  u  a  function  of  surface  coverage. 

niggerting  that  craM-linking  results  in  a  reduced  tendency  to  alter 
confonnation  with  changing  ionic  strength. 

The  change  in  D,CJ  with  pH  is  shovra  in  Figure  7.  A  200 
mM  solution  of  NaCI  and  HCl,  pH  2.3,  was  titrated  with  200 
mM  NaOH  while  the  chronoampeitnnetric  response  was  mea¬ 
sured.  A  marked  change  in  D,Cf*  occurred  around  pH  4,  close 
to  the  reported  pK.  of  poly(vinylpyridine)  (pitr.  «  3.3).'*  An 
increase  of  in  a  similar  pdymer  with  decreasing  pH  has 
recently  been  reported,'*  where,  however,  only  the  range  from  pH 
1  to  pH  0.3  wu  examined.  The  protonation  of  the  polymer 
occurring  near  its  pX.  is  expected  to  cause  at  least  some  swelling 
of  the  film  as  the  charge  density  and  counterion  concentration 
increase;  thus,  C,  will  probably  decrease.  Thus,  it  appears  that 
the  increase  in  DJC^  is  caused  by  an  increase  in  />,.  This  in¬ 
terpretation  is,  htwever,  tentative  and  requires  further  corrobo¬ 
ration. 

Fsrmsnblity.  The  permeability  of  redox  polymer  films  to 


solution  species  is  of  importance  for  biosensor  and  dectrocatalytic 
applications.  Thus,  the  reduction  of  a  model  compound,  p- 
benzoquinone,  as  a  function  of  film  thickness  and  cross-linker 
concentration  was  investigated.  The  reduction  of  p-benzoquinone 
occurs  at  a  potential  approximately  0.2S-0.30  V  native  than 
that  of  the  osmiumflll/Il)  couple.  Thus,  catalytic  r^uetkm  on 
the  osmium  polymer  can  be  neglected.  The  electroreduction  of 
benzoquinone  at  a  POs-EA/PEG-coated  gold-disk  elearode  is 
shown  in  Figure  8a  at  different  rotation  rates. 

The  limiting  current  density,  y'l,  for  a  substrate  that  partitions 
into  a  film  and  diffuses  through  it  to  the  electrode  is  described 

by2S-30 

1  //,  =»  +  1  /0.62FC,»f)*/*v-'/‘w'/^  (2) 

where  d  is  the  film  thickness,  C.”  is  the  bulk  concentration  of 
substrate,  s  is  the  partition  coefficient  of  substrate  into  the  polymer 
film,  />,  is  the  diffusion  coefficient  of  substrate  inside  the  polymo’ 
film,  D  is  the  diffusion  coefficient  of  substrate  in  solution,  r  is 
the  kineinatic  viscosity,  and  is  the  angular  vriodty  of  the  rotating 
electrode.  In  the  kinetic  treatment  of  redox  pdymer  electrodes 
given  by  Saveant  and  co-workeis,'^-*'-**^''**  a  characteristic  current 
density  for  substrate  diffusion  through  polymer-modified  electrodes 
is  formulated^'  as 

y,  -  FC^^sDJd  (3) 

thus,  the  intercept  of  a  plot  ofyi'' vs  gives/,.  FigureSbshows 
such  plots  for  a  bare  gold  electrode  and  for  three  gold  electrodes 
coated  with  different  thiduiesses  of  PO»-EA/reG.  The  resulting 
characteristic  current  densities  for  substrate  diffusion  through  the 
polymer  films  show  the  expected  decrease  with  increasing  film 
thickness  (Figure  8c).  Similar  measurements  demonstrated  that 
the  permeability  was  independent  of  cross-linker  concentration 
in  the  range  2-21  wt  %  PEG.  The  data  shown  in  Figure  8  establish 
that  POs-EA  films  are  highly  permeable  to  benzoquinoiie,  showing 
permeation  current  densities,/,,  of  greater  than  2  mA/cm*  per 
miliimolar  concentration  of  sub^te,  even  for  quite  thick  polymer 
films.  The  decrease  in  benzoquinone  reduction  current  between 
a  bare  gold  electrode  and  one  coated  with  a  ca.  l.S-iun  (dry 
thickness)  film  of  POs-EA/PEG  is  less  than  15%  at  SO  rpm. 
Hence,  in  biosensor  or  electrocatalytic  applicatioos,  sudi  electrodes 
are  not  expected  to  be  limited  by  the  permeability  of  small,  un¬ 
charged  substrates  through  the  redox  polymer  film. 

Electrocatniytic  Oxidatioa  of  Hydroqidnwt.  The  oxidation  of 
hydroquinone  on  a  deactivated  gold  surface  at  pH  7.1  is  kinetically 
slow,  allowing  observation  of  its  catalytic  oxidation  on  a  POs- 
EA-coated  g(M  electrode.  Figure  9.  llie  formal  potential  of  the 
hydroquiwme/bmizoquinone  couple  at  pH  7.1  is  0.04  V  vs  SCE,*** 
thus,  its  oxidation  by  the  osmium  complex  of  POs-EA  (£p  <»  0.28 
V)  is  essentially  irreversible.  Figure  9  shows  the  sluggish  oxidation 
of  a  3.1  mM  hydroquinone  solution  on  the  deactivated**  gold 
surface  (shown  at  w  «  2000  rpm),  while  on  the  polymer-coated 

(28)  Gough,  D.  A.;  LeypoMt,  J.  K.  Amd.  Chan.  1979, 51, 439. 

(29)  lidd^  J.;  Baid,  A.  J.  J.  EleelnoHal.  Chan.  1983, 153,  223-242. 

(30)  Ob,  S.  M.;  FsulkiMr,  L.  R.  J.  Eleetnmal.  Chan.  1989, 269, 77-97. 

(31)  Andrieux,  C.  P.;  Dumas-Boachiat,  i.  M.;  Saveaat,  J.  M.  J.  Else- 
iroamd.  Chan.  1984, 169, 9-21. 

(32)  Leddy,  3.;  Bard,  A.  J.;  Maloy,  J.  T.;  Saveant,  J.  M.  /.  Ehclroamd. 
Chan.  1989, 187,  205-227. 

(33)  Baid,  A.  J.;  Faulkner,  L.  R.  Eleanehanleal  htahodr,  Wiley;  New 
York,  1980. 

(34)  On  nondcactivated  gold  eketrodes  (i.e.,  poUshed  with  aluminum  oe 
a  polishing  doth  rather  than  on  a  Kimwipe),  the  oxidation  of  HjQ  leads  U> 
a  higher  current  (by  about  a  factor  of  4)  than  on  deactivated  elediodes,  but 
the  shape  of  the  wave  is  similar  to  that  shown  in  Figure  9;  i.e.,  no  cunent 
piatcau  is  reached  in  the  accessible  potential  range  (up  to  0.55  V  vs  SCE). 
On  nondcactivated,  POs-EA-coated  gold  electro^  wavea  attributable  to 
oxidatioa  of  HjQ  on  both  the  gold  substrate  and  on  the  POs-EA  were  ob¬ 
served,  but  the  current  reached  a  distina  piataau  on  the  film-covered  deo- 
trodcs  and  wu  substantially  higlw  than  on  the  bore  dectrodes.  Tbecatdytie 
current  onset  wu  shifted  negative  of  the  POs-EA  onset  potential.  At  low 
rotatioa  ratu  a  wave  caused  by  the  oxidation  and  rereductioa  of  the  redox 
pdymer  appeared  on  top  of  the  dectrocatdytk  current.  Tbeu  differenou 
between  POs-^-coated  deactivatad  and  nondeactivated  electrodu  show  that 
the  deactivation  prooen  survived  the  appUcatioa  of  the  redox  pdymer,  04., 
the  cunent  onset  in  Figure  9  occurs  at  the  POs-EA  onset  potentid  and  a 
rereductioa  wave  for  the  redox  polymer  is  not  observed. 
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Flia*  9.  Caulytk  oxidatioii  of  3.1  mM  hydroouinonc  at  a  POt-EA/ 
PBQ-OMicd  loM-diak  electrode.  A  >  0.126  cm\  F  ■  1.3  X  10^  mol/ 
chi’,  o  «  20  mV/t.  The  numben  on  the  cutvei  give  the  rotation  rate  in 
rpm.  The  dadi^  line  shows  the  re^nnse  of  the  bare  gold  electrode. 

eleetfode,  oxidation  of  the  redox  polymer  leads  to  a  catalytic 
current  pteteau  proportkmal  to  the  square  root  of  the  rotation  rate. 
There  is  no  evkfenoe  for  an  upward  curvature  in  the  plateau  region 
(Figure  9),  at  least  for  the  lower  rotation  rates,  that  would  indiate 
sonne  contribution  to  the  catalytic  current  from  the  gold  substrate. 
That  is,  in  the  plateau  region,  the  POs-EA  efTiciently  oxidizes 
the  H/)  before  it  arrives  at  the  gold  electrode,  thus  the  background 
current  under  our  experimental  condititms  is  negligible. 

Extrapolation  of  tte  plateau  currents  in  Figure  9  (in  a  Kau- 
tecfcy-Levich  plot)  to  >  0  leads  to  a  limiting  catalytic  ox¬ 
idation  current  <kiisityo|^  «  21.1  mA/cm^  for  a  film  of  surface 
coverage,  Tp  ■  1.34  X  I(n  mol/cm^.  A  decreases  monotonkally 
with  increasing  surface  coverage,  reacUng  A  *  3.8  mA/cm^  for 
Fp  ■  9.65  X  1^  mol/cm^.  The  expected  lindting  current  denrity 
tor  dectron  ‘‘difTiision’'  through  such  a  polymer  film  (Fp  «  1 .34 
X  10^  mol/cm*,  DJC^  •*  6.4  X  KF'*  moP  cm"*  r')  if  the  reaction 
took  place  only  at  the  outer  surface  of  the  electric,  is  A  4.6 
mA/cm^  The  observation  that  the  measured  limiting  catalytic 
current  density,  A.  is  substantially  higher  than  the  maximum  rate 


that  dectrons  can  diffuse  to  the  electrode  from  the  outer  film 
surface,  demmistrates  that  much  of  the  reaction  must  be  oc¬ 
curring  inside  the  film,  i.e.  in  a  ‘reaction  layer*  predominantly 
near  the  electrode  surface.^  The  decrease  in  A  *<dthiiicreaaiag 
film  thickness  is  consistent  with  tUs  interpretation.  This  iUustrates 
again  that  the  pdymer  films  are  highly  permeable  to  sdutioe 
species,  allowing  reaction  throughout  a  sutetantial  portion  of  the 
bulk  reto  polymer.  This  behavior  contrasts  with  that  of  a  number 
of  redox  polymer  films  in  which  the  catalytic  reaction  is  essentially 
conflned  to  the  polymer/solutioo  int^ace  because  of  insufficient 
penetration  of  t^  substrate  into  the  polymer  film.^*  The  results 
also  demonstrate  that  the  POs-EA/PK  redm  polymer  films  are 
capable  of  supporting  large  catalytic  current  dmuities.  Such 
information  on  the  permeability  and  catalytic  properties  of  these 
redox  polymers  will  contribute  to  the  characterization  of  the 
enzyme-containing  pdymer  films.*** 


A  two-component  redox  epoxy  resin  has  been  devdoped  using 
poly(ethylene  glycol)  diglycidyl  ether  as  cross-linker  for  an  os¬ 
mium-containing  r^ox  polymer  with  a  poly(vinylpyridine) 
backbone.  The  resulting  reto-conducling  epoxy  cements  strongly 
bind  to  gold,  vitreous  carbon,  graphite,  and  other  electrode  sur¬ 
faces.  Films  of  the  redox  epoxies  are  highly  permeable  to  solution 
species  and  are  able  to  support  large  catalytic  currents  for  the 
oxidation  of  hydroquinone,  substantid  portions  of  the  film  being 
dectroactive.  The  activation  energy  for  electron  ‘diffusion* 
through  the  polymer  film  is  independent  of  the  extent  of  ooss- 
linking,  suggesting  that  the  motion  of  the  polymer  backbone  a 
not  greatly  restrict^  by  the  long^hain  cross-linking  reagent.  The 
permeability  and  hydrophilkity  of  these  films,  as  well  as  the 
occurrence  of  the  cross-linking  reaction  under  near-physiological 
conditions,  make  these  epoxies  attractive  for  enzyme  electrode 
applications. 
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Ghiooaa  oiadvodoa  wam  ptaparad  by  **wMnQ'*  lydnoprolaln 
ghieoaadaliydwgina>a,OOH  (EC  1.1J8.17)  to  jliaiy  carbon 
wEh  an  oamhan  oomplax  oonlnlnbig  radox-oondudbio  apoxy 
nabaaifc,  TbabciaianldaniEyaftTOniMQluoaaaoonoanlrallon 
raachad  1 A  mA  enr*  whan  IS  MS  enr*  of  tha  anqpna  having 
an  aeMly  of  280  unRa  mgr'  waa  applad  to  lha  alactroda. 
unoer  me  ewiie  ooraponig  eMvOwoee  rimm  wi 
eaddaaa  (OCX)  of  afmlar  aefMy  (250  unEa  mg-*)  had  a 
maxbnum  cunani  danaly  of  0A8  mA  onH.  Tha  maximum 
oynwItfeniSy  vfMfeeciiedt0Mi8%  OPIlletfiefedOKpoiymef 
flm.  Tha  cananIdamEy  waa  abnoal  flat  thiau^  tha  6,3-8.S 
pn  fenpe  enB  ww  noi  ewpo  wimii  vm  iomooo  w  emier 
aaralad  or  argon  purgad.  It  dacraaaad  at  2S  "C  to  haE  Ea 
bdEal  valua  In  8  h. 


INTRODUCTION 

Many  quinoprotehu  (enzymes  containing  a  quinone  co- 
liKtor)  have  bera  isolated  and  chazacterized  in  recent  yean.* 
These  enzymes  have  either  pyrroktquinoline  quinone  (PQQ) , 
topaquinone  (TPQ),  or  tryptophanyttryptophanquinone 
(TTQ)  as  coCsctor.^  Glucose  dehydrogenase  belongs  to  the 
groiqiofPQQ-oontainingquinoproteins.^  Twoquitedifferent 
types  of  quinoproteingluoose  dehydrogenase  exist,  one  soluble 
and  the  other  membrane-hound*  The  soluble  type  has  so 
far  only  been  detected  mAmnetobacter  calcoaceticus  strains, 
adiile  the  membrane-bound  one  is  widely  distributed  among 
Grant-negative  bacteria,  including  A.  calcoaceticus.^  The 
soluble  typeenzyme,  used  in  the  here  described  investigatitms 
has  been  characterized  by  several  research  groups*-*  and  it 
is  referred  to  here  as  GDH  (EC  1.1.99.17).  Its  gene  has  been 
cloned*  and  an  efficient  expression  of  the  apo-enzyme  was 
obtained  in  a  recombinant  Escherichia  coti  strain.**  Recon¬ 
stitution  of  iqio- to  holo-enzyme  requires  the  presence  of  PQQ* 
and  Ca**.**  The  latter  two  are  firmly  bound  to  the  protein. 
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in  contrast  to  Other  PQQ-containing  enzymes  where  dialysis 
against  EDTA-containing  buffers  easily  removes  them.**  The 
enzyme  has  a  very  high  catalytic  activity:  a^irozimately  8 
mmol  of  glucose  is  oxidized  per  minute  per  milliipam  of  protein 
with  Wurster’s  blue*  and  approximatdy  3  with  2,6-didtlo- 
rophenol  indophenoL*  Taking  the  latter  value,  this  is  iq>  to 
20  times  the  activity  of  pure  glucose  oxidase.  In  contrast,  the 
rates  obtained  with  the  presumed  natural  electron  acceptor 
of  this  GDH,**  cytochnane  bsss,  are  rather  low. 

Redox  centers  of  flavoprotein  enzymes  such  as  glucose 
oxidase  (GOX)  have  been  electrically  connected  to  glassy 
carbon,  graphite,  and  gdd  electrodes  through  a  S-dimenaional 
redox  conducting  network,  to  which  the  enzyme  is  covalently 
bound.  One  of  these  networks  is  made  of  a  water-aohible 
osmium  complex  containing  redox  polymer  POs-EA**'** 
(Figure  1)  that  binds  the  protein  moiety  of  enzymes,  suds  as 
GOX,  forming  a  recoz  pdymer/enzyme  complex.**  Bthy- 
iamine  functions  of  POs-EA  and  lysylamines  of  GOX  are 
cross-linked  with  a  water-sdiuble  diepozide,  p<dy(ethylene 
glycol  diglyddyl  ether)  (PEGDE).  Ihe  cross-linking,  Le. 
epoxy-curing  reaction,  can  be  carried  out  on  the  electrode 
s^ace  itself.  The  curad  film,  though  insoluble  in  water,  is 
highly  hydrophilic  and  is  permeable  to  water-soluble  ions 
andmolecules.  Because  the  enzyme  in  the  film  is  electrically 
cormected  to  the  electrode  aixl  because  the  film  is  permeable 
to  glucose  and  gluconate,  a  catalytic  glucose  electrwzidation 
current  density  of  0.8  mA  cm'*  is  obtained  in  S-mm-diameter 
electrodes  at  a  1:1  polymer  to  enzyme  (wei^t/wei^t)  ratio** 
and  2  mA  cm'*  in  7-fim-diameter  microelectrodes.**  POs- 
EA-based  epoxies  also  ccmnect  redox  centers  of  other  fla- 
voprotein  oxidases  to  electrodes.** 

Amperometric  GDH  sensors  that  are  Gj  insensitive  have 
been  reported.**-**  These  sensors  employed  diffiisional  redox 
shuttles,  such  as  the  l,l'-dimethylferricinium  cation,  with 
which  ca.  60  mA  cm'*  current  density  was  reached.  Here  we 
report  that  Ormsensitive  glucose  electrodes  reaching  a  1.8 
mA  cm'*  current  density  can  be  made  with  GDH  connected 
through  the  PEGDE  cross-linked  redox  epoxy  POs-EA. 

MATERIALS  AND  METHODS 

Glucose  oxidase  (EC  1.1.3.4,  from  Asper^Uus  niger)  purchased 
from  Boehringer  and  gluconic  acid  purchased  from  Sigma  were 
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Eioehem.  J.  1988,  254, 131-138. 
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(15)  Gregg,  B.  A;  Heller,  A  J.  Phys.  Chem.  1991, 95,  5976-5980. 
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POj-EA  n-l.  m*1.8.  p«1.1 


npml.  StrucluTO  of  the  oainlimcoinptox  containing  radoxpolyfnar 
POe-EA. 

used  as  received.  Glucose  (i  M)  (from  Merck,  Darmstadt,  FRG) 
stock  solution  was  made  with  deionized  water,  allowed  to 
mutarotate  fw  more  than  24  h  at  room  temperature  and  was 
stored  at  4  "C.  PolyCethylene  glycol  400  diglyddyl  ether) 
(PEGDE)  was  purchased  from  Pdysciences  and  was  used  as 
received.  The  other  chemicals  were  reagent  or  better  grade.  A 
pH  7.3  phosphate  buffer  solution  (PBS),  containing  0.15  M  NaCl 
and  20  mM  Na]HP04,  was  used  for  sJl  electrochemical  mea¬ 
surements,  unless  otherwise  indicated.  When  used  in  the  flow 
system,  the  carrier  buffer  was  partially  degassed  by  reducing  the 
pressure  above  it  with  a  water  aspirator  for  csu  20  min.  Deionized 
water,  filtered  with  a  hollow  fiber  microfiltration  capsule  (0.2 
pm,  hflCROGON,  Laguna  Hills,  CA,  was  used  throughout  the 
ezperimentS.  Pnfai— hitn  hoMfhl/iiwMmmte  mapiirehaiMwI  fmm 
Strem  Chemicals  and  used  as  received. 

The  redoi  polymer  was  poly(vinylpyridine)  partially  N-com- 
plezed  with  [oamium  bis(bipyridine)  chloride]'^/^  and  quater- 
niaed with br(Mnoethylamine(POs-EA, Figure  1).  Thesynthesia 
procedure  was  «i»nileir  to  that  described  by  Gregg  and  Heller.'* 
ei*-fais(2,2'-bq9ridine-Ar,Andkhk«ooemium(II)  (0.6  g,  1.05  mmcd) 
and  polyfi- vinjdpyridine)  (0.33  g,  3. 15  mequiv  of  monomer  units) 
were  heated  under  nitrogen  to  r^ux  in  18  mL  of  ethylene  glycol 
forSk  intermediate  polymer  was  collected  by  dripping  the 

reaction  mixture  into  nqndly  stirred  ethyl  acetate  (400 niL) .  The 
sticl^  polymer  was  rediasolved  in  a  miniminn  amount  of 
The  intermediate  polymer  was  precipitated  from  the 
methanol  solution  by  adding  the  methanol  solution  dropwise  to 
800  mL  of  rapidly  stirred  ether  and.  then  filtered  and  dried.  The 
intermediate  polymer  (0.3  g),  bronze  (2.418  g,  7.5  mmcd)  were 
diascdved  in  15  mL  of  ethylmie  glycol/DMF  (1:1)  and  heated  for 
24  h  at  100  *C  under  nitrogen  with  stirring.  After  being 
preciintaited  from  acetom,  the  crude  polymer  was  dissolved  with 
a  small  amount  of  water  and  passed  through  a  Sephadex  column 
(G-50,  Pharmacia)  with  0.2  MNaCl  as  the  eluant  The  collected 
solution  was  stirr^  with  12  g  of  Bio-Red  AG1-X4  ion-exchange 
reain  (Cl  f(»m)  for  24  h,  filtered,  and  desalted  by  ultrafittration. 
The  final  polymer  product  was  obtained  by  evaporating  the  water 
in  a  vacuum  oven  at  80  *C.  The  elemental  an^ysis  a^  UV-vis 
spectroscopy  showed  that  the  repeating  unit  of  the  polymer  had 
1.1  ethylamine  pendant  functions  and  1.8  unsubstituted  pyridine 
rings  per  oamium  complexed  pyridine. 

GDH  apo-enzyme  and  PQQ  were  obtained  as  described  by 
Van  der  Meer.'"  Wurster’s  blue  was  synthesized  according  to 
the  procedure  of  Michaelia  and  Graimick.”  The  apo-enzyme  (2 
mgmL"')  was  dissolved  in  10  mMHEPES  buffer,  pH  8.0.  PQQ 
(6.6  mg  mL"')  was  dissolved  in  10  mM  HEPES  (pH  8.0)  with  3 
inMCaClt.  A  10-pL  aliquot  oftbe  PQQ  solution  was  then  added 
to  100  nL  of  the  enzyme  stdution  and  mixed  thoroughly.  The 
mixture  was  incubat^  at  room  temperature  for  15  min;  then  the 
enzymatic  activity  the  reormstituted  holo-enzyme  was  assayed 
spectro|dxrtQmetrieally  by  monitoring  the  deo(d<mtion  of  Wurst- 
er’sblue.'’  The  measured  activity  was 250 units  mg''.  ThePQQ- 
GDH  solutiim  was  stored  at  4  *C.  The  reconstituted  GDH  can 
be  stored  at  4  *C  for  more  than  2  months  without  measurable 
loaa  of  activity. 

Rotating  disk  electrodes  were  made  by  press  fitting  3-mm- 
diameter  glassy  carbon  rods  into  Teflon  housing.  Stationary 
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g.ucose  concentration,  mM 

Figures.  Comparison  of  ttie  current  ouipU  and  the  sensUMty  lor  QOH 
and  QOX  eiecirodes:  (open  square)  QDH  elaclrode:  (sold  dtamonde) 
GOX  electrode.  Oaiditlons:  0.4Vv8SCE;  1000rpni;airatmoapfiars. 

disk  electrodes  were  prepared  by  sealing  the  glassy  carbon  rods 
into  glass  tubings  with  a  fast  curing  epoxy,  llie  inirfisoes  the 
electrodes  were  polished  with  rough,  tlien  increasingiy  fine, 
sandpaper,  then  with  5-,  l-,and0.3-iim  alumina  toaminor  finish. 
The  electrodes  were  sonicated  for  ca.  5  nun  and  rinsed  with 
deionized  (DI)  water  after  each  polishing  step.  Ihe  enzyme 
electrodce  were  pr^Mued  by  applying  sequentially  1  >iL  rtf'  the 
polymer  PVPOs-EA  (10  mg  mL*'  in  DI  HjO),  0.5  pL  of  GDH  (2 
mg  mL*'  in  the  reconstituted  solution)  or  (JOX  (2  mg  mL''  in 
10  mM  HEPES,  pH  8),  and  0.5  mL  of  PEGDE  400  (3  mg  mL'' 
in  DIHiO)  to  the  electrode  surface.  The  components  were  mixed, 
aUowed  to  dry,  and  then  cured  for  more  than  24  h  at  room 
temperature.  Before  the  electrochemical  measurements,  the 
electrodes  were  soaked  in  phosphate  buffer  s^dution  (PBS)  for 
30  min  and  rinsed  with  DI  water. 

The  electrochemical  measurements  were  carried  out  either  in 
a  conventional  electrodiemical  cell  or  in  a  flow  injection  analysis 
system.^  A  Model  400  bipotentioatat  from  E(3&G  Prinoetim 
Applied  Research  was  used  for  the  amperometric  nMasursments, 
and  a  KIPP  &  ZONEN  BD41  strip  chart  recorder  was  used  to 
record  the  data.  Hie  rotator  used  was  a  Model  A;^  2  analytical 
rotator  firom  Pine  Instruments.  All  steady-state  currents  were 
measured  at  0.4  V  vs  SCE. 

RESULTS  AND  DISCUSSION 

Current  Response.  The  variation  of  the  current  density 
with  glucose  concentration  of  POs-EA/PEGDE-wired  GDH 
and  GOX  electrodes  is  seen  in  Figure  2.  When  the  electro¬ 
active  film  contains  8%  of  the  enzyme,  the  current  density 
of  the  GDH  electrode  substantially  exceeds  that  of  the  (jOX 
electrode  at  0-12  mM  glucose  and  levels  off  at  1.8  mA  cm'^ 
at  near  70  mM  glucose.  This  current  density  is  about  3  times 
that  reached  with  GOX.  The  sensitivity  of  the  wired  GDH 
electrode  at  5  mM  glucose  is  165  pA  cm*^  M''.  The  lumber 
current  density  of  the  GDH  electrode,  relative  to  that  of  the 
(SOX  electrode,  derives  from  the  faster  rate  of  electron  transfer 
firom  the  PQQHz  centers  than  from  FADH2  centers  to  the 
osmium  complex  in  the  redox  polymer/enzyme  network.  The 
rate  constant  for  the  electron  transfer  to  diffusional  shuttles 
fiom  reduced  GDH  is  also  much  faster  t.b«n  from  reduced 
GOX.'^'^  The  rate  constant  for  the  electron  transfer  fiom 
reduced  GDH  to  ferrocenemonocarboxylic  acid  is  96.0  X 10^ 
L  moT'  S'',  while  it  is  only  2.01  X 10^  L  md''  s''  fir<nn  reduced 
GOXJ^  That  tiie  S-dimensional  redox  network  is  effective 
in  collecting  from  GDH  and  transferring  them  to  the  surface 
of  the  electrode  is  seen  fiom  the  magnitude  of  the  increase 
in  current  density  relative  to  that  with  electron  shuttling 
withl.l'-dimethylferrocene.  For  the  latter,  D’C^osta,  Higgins, 
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pH 

Flgm  3.  Effect  of  pH  cn  the  current  output  of  tne  GDH  and  GOX 
electrodes.  Solutk)nof0.15MNaCI,20mMNa2P04.and1mMglucose 
vras  titrated  to  the  desired  pH  with  HCI. 


Glucose  concentration,  mM 

mured.  Pei'centage  of  the  current  retained  when  the  atmosphere 
is  changed  from  argon  to  oxygen:  (sold  square)  CDH  electrode;  (open 
square)  GOX  eloctrode. 

anrl  Turner, using  a  porous  graphite  electrode,  observed  54 
nA  aar^  at  4  mM  glucose  and  reached  a  limiting  current 
density  near  5.3  mM  glucose.  In  comparison,  the  wi^  GDH 
electrode  has  a  current  density  of 724 mA  cm"^  at  4  mM  glucose 
and  a  limiting  current  density  of  1.817  fiA  cm'^  near  70  mM 
glucose.  It  is  thus  evident  that  the  redox  network  effectively 
connects  not  only  FADH2/FAD  centers'^*^  but  also  the  PQQ 
centers  to  the  electrodes.  Hie  enhanced  limiting  current 
density  implies  that  in  the  PEGDE  cross-linked  POs-EA  wired 
GOX  electrodes  the  current  density  is  not  limited  by  electron 
transfer  through  the  redox  polymer  but  by  the  electron 
transfer  ffom  the  enzyme  redox  centers  to  the  polymer.  This 
transfer  is  faster  for  PQQ-GDH  than  for  FAD-GOX. 

pH  Dependence.  The  pH  dependence  of  the  current 
denaitiea  for  the  GDH  and  the  GOX  electrodes  is  shown  in 
Figure  3.  The  optimal  activity  of  firee  GDH  is  at  pH  9  when 
Wurster’s  blue  is  used  as  the  electron  acceptor.'^  However, 
when  the  electron  acceptor  is  oxidized  phenazine  methosul- 
fate,  the  pH  optimum  is  7.^  Thus  the  current  of  the  GDH 
electrode  changes  relatively  little  from  pH  6.3  to  8.8. 

Absence  of  Current  Suppression  by  Oxygen.  The 
current  of  the  GDH  electrode  is  not  supprMsed  by  dissolved 
O2  (Figure  4).  Comparison  of  stationary  GDH  and  GOX 
electrodes  by  testing  in  the  same  solution,  with  a  bipotentiostat 
holding  their  potentials  at  0.4  V  vs  SCE  and  a  mechanical 
stirrer  <q>erating  at  SOO  rpm  to  facilitate  even  mass  transfer 
to  both  electrodes,  showed  that  only  the  current  of  the  GOX 
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concentration 

ls>  1  mM  glucose 
lp~  1  mM  ghioooate 

FIgH'nS-  Response  of  ODHelecfrodes  to  pulses  of  ImM  glucose  wMh 
dHferent  concenfrations  of  gfuconic  add  added,  measured  In  a  flow 
inlection  system. 
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Time,days 

Hgurafl.  StabWy  of  fsconslfluted  GDH  In  sotuBon  at  room  temperature. 
The  activity  of  the  enzyme  was  assayed  spectrosoopicaly. 


time,  hours 

FtgureT.  Comparisonofthestat)glyofthe(3DHelecfradss.  Conlinucxa 
operation  was  in  a  10  mM  glucose  solution  in  a  conventional 
electrochemical  cel  (open  squares)  and  in  a  flow  b^ecUon  analyzer 
where  15  pL  of  10  mM  gkioose  pulses  was  hiiected  once  per  hour 
(sdU  damonds).  Electrodes  were  at  0.4  V  vs  SCE. 

electrode  decreased  as  the  atmosphere  was  changed  from 
argon  to  ox^en. 

Product  Inhibition.  Product  inhibition  of  the  electrode 
was  studied  in  the  flow  injection  analysis  system  by  period¬ 
ically  injecting  samples  of  1  mM  glucose  to  which  increasing 
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concentrations  of  gluconate  were  added.  The  current  of  the 
GDH  electrode  is  not  affected  by  gluconate  (Figure  5). 

Stability.  The  half-life  of  the  dissolved  enzyme  in  10  mM 
HEPES  buffer  (pH  7.3)  at  room  temperature,  determined  by 
periodic  qMctrophotometric  assay  of  its  activity  (Figure  6), 
is  5  days.  However,  the  decay  of  the  current  of  the  GDH 
electrodes  was  faster  when  tMted  continuously  in  10  mM 
glucose  at  25  *C,  pH  7.3  (Figure  7,  open  squares).  Tbecuirent 
dropped  to  its  initial  value  in  about  8  h. 

liie  operational  stability  of  the  '^rired*  GDH  electrode  is 
glucose  concentration  dependent,  the  ou^ut  declining  more 
rapidly  at  higher  glucose  concentrations.  Figure  7  shows  the 
rates  of  decline  for  GDH  electrodes  in  a  conventional 
electrochemical  cell  where  the  glucose  concentration  was  held 
at  10  mM  and  in  a  flow  injection  analyzer  where  a  computer- 
controlled  injection  system  injected  fixed  volumes  of  10  mM 
glucose  once  every  60  min.  Under  the  conditions  of  the 
experiment,  it  took  less  than  3  min  for  the  sample  to  pass 
through  the  cell;  Le.,  the  electrode  was  in  10  mM  glucose  for 


only  3  min  each  hour.  The  rate  of  current  loss  is  thus  related 
to  the  amount  of  glucose  electrooxidized  (Figure  7). 

Weconchide  that  PQQ-glucose dehydrogenase  is ^ectively 
electrically  wired  through  an  osmium  comidex  baaed  redox 
polymer  to  glassy  carbon.  The  extraordinarily  high  limiting 
current  density,  1.8  mA  cm'^,  suggests  fast  electron  transfer 
from  PQQ  to  the  naminm  complex  centers  of  the  polymer. 
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ABSTRACT 

Single-layer  and  bilayer  bienzyme  elearodes  based  on  the  combination  of  a  three-dimensional  (3-D) 
redox  epox>'  network  that  elearically  connects  redox  centers  of  bound  horseradish  peroxidase  (HRP) 
to  elearodes  with  a  hydrogen  peroxide  generating  enzyme,  the  redox  centers  of  which  are  not 
connected  to  the  redox-epoxy  network,  are  described.  In  the  single-layer  electrodes,  H2O2  generated 
by  the  first  enzyme  oxidizes  the  second  enzyme  HRP,  which  oxidizes  the  redox  polymer  network  that 
is  elearochemically  reduced  at  0  mV  saturated  calomel  elearode  (SCE).  When  the  redox  centers  of 
the  H2O2  generating  enzyme  are  also  elearically  conneaed  to  the  redox-epoxy  network,  the  substrate 
reduced  redox  centers  are  oxidized  by  the  redox  polymer  network,  thus  lowering  the  cathodic 
current.  Such  attenuation  is  avoided  in  bilayer  electrodes,  where  the  H2O2  producing  enzyme  and  the 
redox-epoxy-HRP  network  are  not  elearically  conneaed. 

The  single-layer  bienzyme  elearodes  extend  the  range  of  amperometric  biosensors  based  on 
direaly  redox-epoxy  “wired"  enzymes  to  enzymes  that  are  difficult  to  elearically  connea  to  redox 
polymer  networks  and  whose  preferred  or  only  cosubsirate  is  oxygen.  For  the  difficult  to  wire 
enzyme-choline  oxidase,  the  cathodic  current  density  in  the  single-layer  peroxidase  and  choline 
oxidase  containing  elearode  is  80  pA  cm”’  at  10  mM  choline  concentration,  while  the  anodic  current 
density  of  the  direaly  wired  enzyme  is  only  5  pA  cm”’.  Alcohol  oxidase  is  not  electrically  conneaed 
to  the  wiring  3-D  redox-epoxy  network.  The  anodic  current  densit>’  of  its  redox-epoxy  wired 
elearodes  is  close  to  nil,  while  the  cathodic  current  density,  observed  in  alcohol  oxidase  and  wired 
peroxidase  containing  single-layer  elearodes  at  10  mM  ethanol,  is  5  M  cm”^.  When  well-wired 
enzymes,  such  as  glucose  oxictoe  or  lactate  oxidase,  are  utilized  in  single-layer  elearodes,  limiting 
cathodic  current  densities  of  60  pA  cm”^  are  observed  for  both  enzymes.  These  currents  are  much 
lower  than  those  observed  in  the  airectly  wired  enzyme  anodes. 

AEF  WORDS:  Biosensors,  Peroxidase,  Elearical  wiring. 


INTRODUCnON 

In  order  to  circumvent  the  problems  associated  with  the 
high  (0.7  V  vs  the  saturated  calomel  electrode  (SCE)) 
operating  potential  of  11202  monitoring  amperometric 
biosensors,  Kulys  et  al.  [1]  introduced  in  1981  the  con¬ 
cept  of  peroxidase  containing  bienzyme  elearodes.  The 
elearodes  had  a  film  of  horseradish  peroxidase  (HRP), 
glucose  oxidase  (GOX),  and  bovine  serum  albumin  (BSA) 
coimmobilized  through  glutaraldehyde  aosslinking.  The 
hydrogen  peroxide  formed  in  the  GOX  catalyzed  reac¬ 
tion  of  glucose  and  oxygen,  oxidized  HRP  which,  in  turn, 
oxidized  dissolved  FefCN)^”  to  FefCN)^-  The  latter  ion 
was  elearoreduced  in  the  amperometric  assay.  The  re¬ 
sulting  glucose  sensing  cathode  was  less  sensitive  to 
electrooxidizable  interferants  and  to  fouling,  caused  by 
the  formation  of  insoluble  films  upon  elearooxidation 


of  biomolecules.  A  residual  problem  of  the  single-layer 
Fe(CN)6~'^^”  bilayer  electrode  has  been  the  competing 
reverse  reaaion  of  reduaion  of  FefCN)^”  to  FefCN)^” 
by  glucose  reduced  glucose  oxidase  FADH2  centers.  Such 
reduaion  diminishes  the  cathodic  current. 

Subsequently,  Tatsuma  and  Watanabe  [2]  immobi¬ 
lized  HRP  on  Sn02  elearodes  using  a  silane  as  a  cou¬ 
pler,  then  glutaraldehyde  crosslinked  GOX  on  the  im¬ 
mobilized  HRP  film,  and  used  ferrocene  monocarboxylate 
to  mediate  elearon  transport.  Though  the  two  enzymes 
were  separated,  the  ferricinium  carbox>dare  formed  from 
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ferrocene  carboxylate  upon  electron  transfer  to  oxidized 
HRP,  was  partly  elearoreduced  by  the  GOX-FADH,  cen¬ 
ters.  This  parasitic  reduaion  diminished  the  cathodic 
current.  The  problem  was  partially  overcome  by  Kulvs 
et  al.  [3,4]  who  built  bienzyme  elearodes  without  me¬ 
diators,  relying  on  the  direa  elearoreduaion  of  oxi¬ 
dized  HRP  on  graphite  elearodes.  Because  HRP  multi¬ 
layers  cannot  be  effeaively  elearoreduced  in  this  case, 
only  the  actual  elearode  surface  contaaing  HRP  mole¬ 
cules  is  elearoreduced.  Therefore,  the  current  densities 
are  low  (45  M  cm"’)  and  the  dynamic  range  is  narrow 
(0.27  to  2.46  mM). 

Gorton  et  al.  followed  a  similar  approach  using  sur¬ 
face  adsorbed  peroxidase  to  measure  HoOi  produced  in 
a  variety  of  oxidases.  They  improved  on  the  original  Ku- 
lys  design  by  using  macroporous  graphite  [5]  and  carbon 
paste  elearodes  [6]  to  increase  the  surface  area. 

Boguslavsky  et  al.  recently  alleviated  the  problem  of 
the  elearooxidation  of  enzyme  FADH,  centers  by  me¬ 
diators  through  using  carbon-adsorbed,  and  thus  less 
diffusionally  mobile,  ferrocene  based  redox  macromol¬ 
ecules.  Their  electrodes  were  built  by  immobilizing  cho¬ 
lesterol  oxidase  on  carbon  pastes  with  macromolecule- 
bound  ferrocenes  [7], 

Here,  we  describe  bienzyme  electrodes  made  with 
H2O2  producing  redox  enzymes  that  are  poorly  or  not 
at  all  conneaed  to  elearodes  by  a  3-dimensional  (3-D) 
redox-epoxy  network.  These  networks,  however,  effec¬ 
tively  connea  HRP  to  the  elearode.  We  show  that  ef¬ 
fective  cathodes  can  be  built  by  coimmobilizing  in  a  sin¬ 
gle-layer  electrode  the  3-D  redox-epoxy  network,  that 
electrically  connects  HRP,  together  with  H2O2  producing 
choline  oxidase  (ChOX),  alcohol  oxidase  (AOX),  or  D- 
amino  acid  oxidase-(D-AAOX).  These  are  superioi  in 
current  density,  sensitivity,  and  dynamic  range  to  anodes 
based  on  direa  "wiring”  of  these  enzymes. 

In  this  context,  we  also  analyze  well  “wired"  en¬ 
zymes:  GOX  and  lactate  oxidase  (LOX).  We  point  to  lim¬ 
itations  of  single-layer  wired  HRP  bienzyme  erodes  with 
GOX  and  LOX,  where  the  FADHj  centers  of  the  oxidase 
are  direaly  and  efficiently  oxidized  by  the  redox  epoxy 
networks  and,  as  a  result,  produce  less  H2O2  in  the  pres¬ 
ence  of  oxygen. 

EXPERIMENTAL 

Reagents 

The  redox  polymer  (POs-EA)  used  was  poly(4-vinylpyr- 
idine)  modified  by  partial  complexing  of  pyridines  with 
Os(bpy)2Cl*''’*  and  partial  quaternization  of  the  residual 
pyridines  with  bromoethyl  amine,  to  facilitate  crosslink¬ 
ing.  Preparation  of  the  r^ox  polymer  POs-EA  has  been 
described  earlier  [8).  Glucose  oxidase  (E.C.  1.1. 3  4,  type 
X-S  from  Aspergillus  niger,  198  units/mg  solid),  HRP  (E.C. 
1.11.1.7,  type  VI  from  horseradish,  288  units/mg),  AOX 
(E.C.  1.1.3.13  from  Pichia  pastoris,  33  units/mg  protein), 
D-amino  acid  oxidase  (D-AAOX)  (E.C.  1. 4.3.3  from  por¬ 
cine  kidney,  9-9  units/mg),  and  choline  oxidase  (ChOX) 
(E.C.  1.1.3.17,  from  alchaligenes  species,  11  units/mg 


solid)  were  from  Sigma.  Lactate  oxidase  (from  pedi- 
ococcus  sp.,  312  units/mg)  was  purchased  from  Gen- 
zyme.  Polyethylene  glycol  diglycidyl  ether  (PEGDGE)  MW 
400  (PEGDGE  400)  was  purchased  from  Polysciences.  All 
others  chemicals  were  of  the  best  available  commercial 
grade.  Glutaraldehyde  stock  solutions  were  prepared  us¬ 
ing  grade  I  solutions  and  kept  frozen.  Stock  solutions  of 
glucose  were  left  to  mutarotate  at  room  temperature  for 
24  hours  before  use  and  then  kept  refrigerated.  Stock 
solutions  of  L-lactate  was  prepared  daily. 

Electrode  Construction  and  Preparation 

Rotating  disk  elearodes  were  made  of  1-cm  length  of  3- 
mm  diameter  vitreous  carbon  rods  from  Atomei;gic 
Chemicals  Corp.  These  were  press-fined  into  one  end  of 
a  Teflon  sleeve.  The  opposite  end  of  the  sleeve  had  a 
press-fitted  stainless  steel  rod  threaded  to  match  a  Pine 
Instruments  rotator.  Elearical  contaa  between  the  vit¬ 
reous  carbon  and  stainless  steel  rod  was  made  with  a 
silver  epoxy  (Epo-tek  H20e  from  Epoxy  Technology  Inc). 
The  electrodes  were  polished  first  with  6  /im  then  with 
1  /im  diamond  suspension  followed  by  0.3  /^m  alumina 
(purchased  from  Buehler).  After  each  polishing  step,  the 
elearodes  were  sonicated  3  to  6  minutes  in  deionized 
water. 

Bilayer  Electrodes 

The  inner  hydrogen  peroxide  sensing  layer  was  pre¬ 
pared  using  a  20  mg/mL  HRP  type  VI  solution  in  0.1  M 
NaHCOj.  A  100  /itL  of  the  HRP  solution  was  reaaed  with 
50  /xL  of  12  mg/mL  NalO^  and  incubated  for  2  hours  in 
die  dark  at  room  temperature.  The  NaI04  treatment  forms 
aldehyde  functions  by  oxidation  of  sugar  residues  at  the 
enzyme  surface.  Next,  10  /xL  of  the  oxidized  HRP  was 
added  to  50  #aL  of  10  mg/mL  POs-EA  and  60  fiL  of  0.5 
mg/mL  PEGDGE  400.  The  polished  electrode  was  coated 
with  3  JU.L  of  this  mixture,  and  the  film  on  the  electrode 
was  cured  for  48  hours  in  a  vacuum  desiccator. 

The  preparation  of  the  outer  layer  depended  on  the 
enzyme  that  was  being  immobilized.  For  a  typical  alco¬ 
hol  oxidase  electrode,  10  fiL  of  0.52%  enzyme  solution 
was  mixed  with  10  fiL  of  20%  BSA  and  5  fiL  of  2.5% 
glutaraldehyde.  An  elearode  already  coated  with  a  layer 
of  redox-epoxy  cemented  HRP  was  treated  with  5  /u-L  of 
the  oxidase-containing  mixture  and  cured  for  a  least  2 
hours.  ChOX  elearodes  were  prepared  similarly  to  the 
AOX  elearodes,  except  that  different  amounts  of  the  en¬ 
zyme  were  used.  Lactate  oxidase  elearodes  were  made 
by  applying  10  /xL  of  a  mixture  containing  60  /xg/mL 
glutaraldehyde,  10  mg/mL  LOX,  and  5  mg/mL  BSA  onto 
the  elearode.  D-amino  acid  oxidase  elearodes  were 
prepared  by  using  a  solution  containing  2.9  mg/mL  D- 
AAOX  and  0.77%  glutaraldehyde.  A  10  /xL  aliquot  of  this 
mixture  was  put  on  the  elearode  and  incubated  for  at 
least  2  hours.  For  glucose  oxidase  electrodes,  100  /xL  (20 
mg/mL,  10  mM  HEPES,  pH  =  8)  GOX  was  reaaed  with 
50  /xL  (12  mg/mL  NalO^)  and  incubated  for  2  hours  in 
the  dark  at  room  temperature.  After  incubation,  2  ^iL  of 
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oxidized  enzyme  would  typically  be  spread  on  the  elec¬ 
trode  and  allowed  to  incubate  for  at  least  2  hours. 

Single-layer  Electrodes 

These  were  prepared  in  a  manner  similar  to  the  prep¬ 
aration  of  the  H2O2  sensing  inner  layer  of  the  bilayer 
system,  except  that  a  defined  quantity  of  an  oxidase  was 
also  added  to  the  mixture  containing  POs-EA,  PEGDGE 
400,  and  oxidized  HRP.  Typically,  3  /al  of  the  resulting 
solution  was  coated  on  the  electrode  and  allowed  to  cure 
for  at  least  48  hours. 

Measurements 

Electrochemical  measurements  were  performed  with  a 
Princeton  Applied  Research  model  173  potentiostat/gal- 
vanostat.  The  disk  elearodes  were  rotated  with  a  Pine 
Instruments  model  AFMSRX  rotator  and  model  MSRS 
speed  controller.  The  standard  three  elearode  cells  had 
an  SCE  reference  elearode  and  a  platinum  wire  auxil¬ 
iary  elearcxie.  All  measurements  were  performed  in  an 
open  cell  under  air  and  at  room  temperature.  All  con¬ 
stant  potential  experiments  were  performed  with  a  ro¬ 
tating  disk  elearode  at  1000  rpm.  The  working  elearode 
was  typically  poised  at  0  V  (SCE),  and  the  resulting  cur¬ 
rent  was  measured  as  a  funaion  of  time. 

Flow  Injection  Analysis 

These  experiments  were  performed  in  a  wall  jet  cell, 
using  1-mm-diameter  glassy  carbon  elearodes  (Cypress 
System,  Lawrence,  KS).  Injeaion  valve  and  sample  loops 
were  from  Rheodyne  Qo.  (Cotati,  CA).  The  electrodes  were 
poised  at  0  V  (SCE).  The  carrier  was  a  pH  7.5  phosphate 
buffer  solution. 

RESULTS  AND  DISCUSSION 

Single-Layer  Bienzyme  Cathodes 

The  dynamic  range  for  five  single-layer  bienzyme  elec¬ 
trodes,  where  both  HRP  and  the  hydrogen  peroxide  gen¬ 
erating  enzyme  are  bound  within  the  3-D  PolyOs-NH,- 
PEDGE  redox-epoxy  network  [9],  are  shown  in  Figure  1. 
The  electrodes  were  made  with  AOX,  Cl.OX,  LOX,  D- 
AAOX,  and  GOX.  The  substrate  concentration  depen¬ 
dence  of  their  steady-state  cathodic  current  densities  was 
measured  at  0  V  (SCE).  Figure  2  shows  corresponding 
data  for  the  dependence  of  their  anodic  current  densi¬ 
ties,  measured  at  0.5  V  (SCE).  No  curve  is  shown  for 
AOX  because  the  current  was  nil  in  the  absence  of  O2 
i.e.,  when  H2O2  was  not  generated.  As  seen  in  Figure  2, 
the  anodic  currents  resulting  ft-om  electron  transfer  from 
enzyme  FADH2  centers  to  the  redox  polymer  network 
increase  in  the  order  AOX  <  D-AAOX  <  ChOX  <  LOX 
<  GOX  The  H2O2  concentrations  in  these  films  and  thus 
the  cathodic  currents  are  reduced  through  panial  elec¬ 
trooxidation  of  FADH2  centers  by  the  redox  polymer. 
Because  an  FADH2  elearooxidation  current  is  not  ob¬ 
served  for  AOX  and  is  very  small  for  ChOX  and  D-AAOX, 
single-layer  bienzyme  elearodes  are  appropriate  for  the 
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RGURE  1.  Dependence  of  the  current  density  on 
concentration  of  the  substrate  for  single-layer  cathodes. 
Each  cathode  has  10  fig  redox  polymer,  1  fig  crosslinker, 
and  one  of  the  following:  14  fig  AOX  with  ethanol 
substrate  (closed  squares),  20  fig  ChOX  with  choline 
substrate  (closed  circles),  24  fig  LOX  with  lactate 
substrate  (open  circles),  42  fig  D-AAOX  with  D-alanine 
substrate  (open  squares),  and  15^9  GOX  with  glucose 
substrate  (triangles).  pH  7.4,  0.0  mV  versus  SCE,  1000 
rpm. 


RGURE  2.  Dependence  of  the  current  density  on  the 
concentration  of  the  substrate  for  single-layer  anodes. 
Each  anode  has  10  fig  redox  polymer,  1  fig  crosslinker, 
and  one  of  the  following:  20  fig  ChOX  with  choline 
substrate  (closed  circles),  24  fig  LOX  with  lactate 
substrate  (open  circles),  20  fig  D-AAOX  with  D-alanine 
substrate  (open  squares),  and  20fig  GOX  with  glucose 
substrate  (triangles).  pH  7.4,  500  mV  versus  SCE,  1000 
rpm. 
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FIGURE  3.  Dependence  of  the  current  density  on 
glucose  concentration  for  a  single-layer  glucose  cathode 
made  with  0.25  /ig  (closed  squares),  0.5  fig  (open 
squares),  2.5  fig  (closed  circles),  and  5  fig  (open  circles) 
glucose  oxidase  loadings.  pH  7.4,  0.0  mV  versus  SCE, 
1000  rpm. 


assay  of  alcohols,  choline,  and  D-amino  acids.  Lactate  and 
glucose  can  also  be  cathodically  assayed  with  single-layer 
cathodes,  but  interpretation  of  the  relationship  between 
the  current  density  and  the  concentration  of  the  sub¬ 
strate  is  difficult.  It  is  particularly  so  in  the  case  of  GOX 
where,  at  high  GOX  loading,  the  current  increases  with 
substrate  concentration  up  to  8  mM  glucose  and  then 
decreases  at  higher  concentrations  (Figure  3)  The  de¬ 
crease  is  attributed  to  the  short  circuiting  of  th  die 
current  by  the  direaly  wired  oxidase.  In  the  c  on 


RGURE  4.  Dependence  of  the  current  density  on  lactate 
concentration  for  a  lactate  oxidase  bilayer  cathode.  The 
lactate  oxidase  loading  in  the  outer  layer  is  100  pig.  pH 
7.4,  0.0  mV  versus  SCE,  1000  rpm. 
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RGURE  5.  Dependence  of  current  density  on  glucose 
concentration  for  a  glucose  oxidase  bilayer  cathode.  The 
glucose  oxidase  loadings  in  the  outer  layer  are  131  fig 
(closed  squares),  26  fig  (open  squares),  2.6  fig  (do^ 
circles),  and  1 .3  fig  (open  circles).  pH  7.4,  0.0  mV  versus 
SCE,  1000  rpm. 


between  electrexaxidation  of  GOX-FADH^  centers  and  their 
reaction  with  O2,  the  first  is  favored  at  high  glucose  con¬ 
centrations,  where  the  system  is  O2  depleted  and  the 
second  at  low  glucose  concentrations,  where  O2  is  abun¬ 
dant. 

Bilayer  Bienzytne  Cathodes 

In  electrodes  made  with  separate  redox-epoxy  wired  HRP 
and  oxidase  layers,  there  is  no  electrical  contaa  between 
the  two  as  long  as  interdiSusion  of  the  two  layers  is  pre- 

FKaURE  6.  Dependence  of  the  cunent  density  on  the  D- 
alanine  (squares)  and  D-tyrosine  (circles)  concentrations 
for  a  D-AAOX  bilayer  cathode.  The  D-AAOX  loadings  in 
the  outer  layer  are  24  fig  for  alanine  and  133  /ig  for 
tyrosine.  pH  7.4,  0.0  mV  versus  SCE,  1000  rpm. 
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FIGURE  7.  Dependence  of  the  current  density  on  the 
methanol  (squares)  and  ethanol  (circles)  concentrations 
for  an  alcohol  oxidase  bilayer  cathode.  The  alcohol 
oxidase  loadirig  in  the  outer  layer  is  200  /ig.  pH  7.4,  0.0 
mV  versus  SCE,  1000  rpm. 

vented.  Here  the  flow  of  electrons  from  oxidase  FADHj 
centers  to  the  peroxidase-wiring  redox  epoxy  network 
is  negligible.  Thus,  catalytic  electroreduaion  of  the  net¬ 
work  by  the  substrate,  e.g.,  glucose,  does  not  compete 
with  electrooxidation  of  the  redox  hydrogel  by  oxidized 
HRP  even  in  the  case  of  the  well-wired  enzymes,  such 
as  GOX  and  LOX.  In  the  absence  of  direa  electrooxi¬ 
dation  through  a  wiring  polymer  network  the  cathodic 
currents,  for  these  easy  to  wire  enzymes,  are  higher  in 
the  bilayer  cathodes  than  in  single-layer  cathodes  (Fig¬ 
ures  4  and  5).  Unlike  the  single-layer  cathodes,  the  bi¬ 
layer  cathodes  do  not  exhibit  a  current  decrease  at  high 
substrate  concentrations. 

The  single-layer  electrodes  differ  from  the  bilayer 
electrodes  also  in  their  weight  fraaion  of  elearically  in¬ 
sulating  protein  and  thus  in  their  elearon  transport 


RGURE  8.  Dependence  of  the  current  density  on  the 
choline  concentration  for  a  choline  oxidase  bilayer 
cathode.  The  choline  oxidase  loading  in  the  outer  layer  is 
400  fjuQ.  pH  7.4,  0.0  mV  versus  SCE,  1000  rpm. 


charaaeristics.  When  the  fraction  of  (electrically  insulat¬ 
ing)  enzyme  protein  in  the  hydrogel  is  excessively  high, 
elearon  transport  is  poor  and  the  H2O2  electroreduaion 
by  HRP  is  limited  by  the  flux  of  electrons  from  the  elec¬ 
trode  via  the  redox  hydrogel  to  the  incorporated  HRP 
molecules.  Therefore,  enzymes,  such  as  D-AAOX,  ChOX, 
and  AOX,  that  have  a  relatively  low  specific  activity,  are 
expeaed  to  reach  higher  current  densities  with  bilayer 
elearodes  which  can  be  more  heavily  oxidase  loaded. 
Indeed,  both  bilayer  cathodes  with  D-AAOX  and  AOX 
show  higher  current  densities  than  single-layer  elec¬ 
trodes  (Figures  6  and  7).  The  current  density  of  the  bi¬ 
layer  ChOX  cathode  is  nevertheless  similar  to  that  of  the 
single-layer  cathode,  even  though  this  enzyme  has  a  low 
specific  activity  (Figure  8).  This  anomaly  may  reflea  the 
better  H2O2  collection  efficiency  in  the  single-layer  sys- 


RGURE  9.  Redox  cycles  for  bilayer  and  single-layer  cathodes.  Single-layer  cathodes  have  an  electrically  wired  HRP, 
and  HjOz  diffuses  within  the  film.  Bilayer  cathodes  have  an  electrically  wired  HRP  inner  layer  and  a  nonwired  oxidase 
outer  layer.  H202  diffuses  between  the  layers. 
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RGURE  10.  Potential  dependence  of  the  steady  state 
current  for  a  lactate  bilayer  electrode  made  with  100 
lactate  oxidase  in  the  outer  layer.  pH  7.4,  1000  rpm,  0.2 
mM  lactate. 


tern,  where  the  H2O2  need  not  diffuse  from  layer  to  layer 
to  be  sensed.  The  proposed  redox  cycle  sequence  in  bi¬ 
layer  and  single-layer  elearodes  is  shown  schematically 
in  Figure  9 


FIGURE  12.  Dependence  of  the  maximum  current  on  the 
D-alanine  concentration  for  a  D-amino  acid  oxidase 
bilayer  cathode  operated  in  a  flow  system.  Flow  rates 
0.75  mL  min"’  (circles),  1.5  mL  min"’  (squares),  and  2.1 
mL  min"’  (triangles);  carrier  pH  7.5  phos^ate  buffer 
solution.  The  D-amino  acid  oxidase  loading  in  the  outer 
layer  is 
15  HQ. 


Potential  and  pH  Dependence  of  the  Current 
Density  of  the  Bilayer  Cathodes 

The  pxDtential  dependence  of  the  cathodic  current  of  the 
lactate  bilayer  elearode  is  shown  in  Figure  10.  It  is  sim- 


HGURE  11.  pH  dependence  of  the  cathodic  current  for 
the  standard  inner  layer  H202  sensor  at  0.01  mM  H202. 
The  pH  was  adjusted  with  HCI  or  NaOH  in  a  universal 
buffer  containing  0.02  KH2PO4  M  of  one  of  the  following; 
sodium  citrate,  boric  acid,  KH2P04  and  sodium  barbital. 
The  pH  optima  for  bilayer  cathodes  are  indicated.  0.0  mV 
versus  SCE  and  1000  rpm. 


ilar  to  that  of  the  H2O2  elearode  itself  [9)-  The  cathodic 
current  reaches  its  plateau  already  at  +0.3  V  (SCE)  and 
does  not  change  substantially  at  least  to  -0.2  V  (SCE). 

The  pH  dependence  of  the  currents  for  the  single¬ 
layer  and  bilayer  cathodes  is  similar  to  the  pH  depen¬ 
dence  of  the  oxidase’s  activity  in  solution.  TTie  pH  de¬ 
pendence  of  the  current  for  wired  HRP  cathodes  is  nearly 
flat  between  pH  4  and  9-  It  straddles  the  pH  optima  of 
the  five  oxidases  studied  (Figure  11). 

Flow  Injection  Analysis 

In  flow  injeaion  analysis  it  is  not  necessary  to  reach  a 
steady-state  current  in  order  to  assay  the  analyte.  This  is 
an  advantage  in  bilayer  electrodes  where  it  takes,  in  some 


TABLE  1  Operational  Half-Lives  of  Single-Layer  and 
Bilayer  Cathodes  at  0.0  V  (SCF)  at  25  "C  in  Air- 
Saturated  Solution 


Half-Life  In  Continuous 
_ Operation _ 


Hours  Enzyme 

Single-Layer 

Bilayer 

Alcohol  oxidase 

4 

7 

Glucose  oxidase 

>15* 

>40 

Lactate  oxidase 

6 

>30 

Choline  oxidase 

23 

>30 

D-Amino  acid  oxidase 

48 

>30 

D-Alanine  Concentration,  mM 


*The  current  initially  increased  and  then  declined. 
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cases,  ca.  5  minutes  to  reach  a  steady-state  current.  Fur¬ 
thermore,  through  varying  the  flow  rate  of  the  carrier, 
the  sensitivity  and  dynamic  range  can  be  adjusted  to  the 
desired  range.  Worldng  at  a  linear  flow  rate  of  1.1  mL 
min”’  and  a  loop  sample  of  50  /itL,  a  bilayer  lactate  elec¬ 
trode  (20  Mg  of  enzyme)  exhibits  a  linear  current  in¬ 
crease  with  lactate  concentration  from  0.2  to  1.8  mM  (20 
fig  LOX,  1.1  ml  min”’  flow  rate;  phosphate  buffer  car¬ 
rier,  not  shown).  This  may  be  compared  with  steady-state 
rotating  disk  experiments  where  the  current  is  linear  only 
to  0.6  mM  laaate.  The  FIA  is  completed  in  less  than  90 
seconds.  The  same  efifea  is  noted  for  alcohol  oxidase, 
where  the  linear  region  is  increased  to  2  mM. 

The  effea  of  increasing  the  flow  rates  in  FIA  exper¬ 
iments  is  shown  in  figure  12  for  a  D-AAOX  bilayer  cath¬ 
ode.  When  the  flow  rate  is  increased,  the  contaa  time 
with  the  substrate  is  reduced  and  a  lower  H,02  concen¬ 
tration  is  reached.  As  a  result,  sensitiviw  is  lost,  but  the 
current  still  increases  at  high  substrate  concentrations 
where,  at  lesser  flow  rates,  it  would  have  saturated. 

Long-Term  Stability 

Table  1  shows  the  half-life  time  for  different  types  of 
elearodes.  The  bilayer  elearodes  are  in  general  more 
stable  than  the  single-layer  elearodes,  because  they  are 
made  with  a  substandal  excess  of  enzyme.  Thus,  even 
when  the  enzyme's  aaivity  decays,  the  sensors  remain 
substrate  flux,  not  enzyme  turnover,  limited. 


CONCLUSIONS 

Substrates  of  generating  enzy  mes  that  are  difficult 
to  electrically  connect  to  elearodes  by  3-D  redox-poly¬ 
mer  networks  can  be  readily  assayed  with  bienzv'me 
elearodes  at  0.0  V  (SCE).  This  advantage  is  gained,  how¬ 
ever,  at  the  expense  of  having  to  operate  the  electrodes 
in  aerated  solutions. 
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Oaldoreduciaaee,  euch  aa  ghicoee  oxMaaa,  can  be  eleclricaly 
“wired”  to  electredea  by  electroetaMc  comptoxbig  or  by  eo- 
vaionl  bbidbig  of  redox  poiymors  to  that  tha  eleciront  flow 
from  the  ORxymo,  through  the  polymer,  to  tf<e  etoetrode.  We 
deecdbe  two  mateilalB  for  amneroniatilc  bloeanaort  baaed  on 
a  erota-IInkable  poly(vlnylpyrldlne)  complex  of  [Oe- 
(bpy)^]^^  that  communicatee  electric agy  with  flavin  ade- 
nbw  dbwdootido  redox  cenlere  of  enzymea  euch  ae  (ducoee 
oxUaae.  The  uncomplexed  pyridfciee  of  the  pofy(vbiyipyfkltie) 
are  quatemtaced  with  two  typee  of  groupe,  one  promo^  hy- 
dropMcHy  (24iromoethanol  or  3-broniopropionlc  add),  the 
other  containing  an  active  eeter  (Af-hydroxyauccbibnlde)  thd 
forme  amide  bonde  with  both  lyelnee  on  the  enzyme  eiaf ace 
and  with  an  added  pdyamlne  croee  inking  agent  (tri- 
ethylenetetraamlne,  trien).  In  the  proaence  of  ghicoee  oxl- 
date  and  trien  thle  polymer  forma  rugged,  croeednked,  eleo- 
troacttve  fllme  on  the  eurf  ace  of  electrodee,  thereby  elimi¬ 
nating  the  requirement  tor  a  membrane  for  containing  the 
enzyme  and  redox  cotqile.  The  ghicoee  reaponee  time  of  the 
reeuMIng  electredea  la  leaa  than  10  a.  The  ghwoee  reaponee 
under  N,  ahowa  an  apparent  NHchaela  conatant,  KJ  =  7.3 
mM,  and  MHng  currant  denaHea,  between  100  and  800 
liA/em*.  Ciarenta  are  riecreaaed  1^  30-50%  In  alr-ealuralad 
aokiHoiw  bacauaa  of  competkion  between  Oj  and  the  Oa(IlI) 
complex  fbr  elactrona  from  the  reduced  enzyme.  Rotating 
ring  dWi  expermenta  In  alr-aaturated  aohitiona  containing  10 
mM  ghKoao  ahow  that  about  20%  of  the  active  enzyme  la 
electrooxkized  via  the  Oa(IIl)  complex,  whie  the  reet  la 
odrflzed  by  Oj.  Thoae  reaulta  auggeat  that  only  part  of  ttw 
active  enzyme  la  In  electrical  contact  with  the  electrode. 


INTRODUCTION 

Enzyme-based  biosensors  are  being  used  in  an  increasing 
number  of  clinical,  environmental,  agricultural,  and  biotech¬ 
nological  applications  (1-4).  Ideally,  the  high  selectivity  of 
enzymes,  when  coupled  with  modem  electrode  technology, 
should  result  in  an  electrochemical  sensor  capable  of  detecting 
the  concentration  of  a  single  biochemical  species  in  a  medium 
containing  a  diverse  mixture  of  other  compounds.  Ampero¬ 
metric  enzyme  electrodes  (5)  require  some  form  of  electrical 
communication  between  the  electrode  and  the  active  site  of 
the  redox  enzyme.  However,  the  measurement  of  a  current 
proportional  to  the  concentration  of  the  enzyme  substrate  is 
complicated  by  the  fact  that  the  active  site  is  often  located 
deep  inside  an  insulating  protein  shell  Thus,  redox  enzymes 
such  as  glucose  oxidase  do  not  exchange  electrons  with  simple 
metal  electrodes  (&-9).  Historically,  electrical  communication 
between  em^me  and  electrode  has  been  achieved  through  the 
use  of  disusing  mediators.  The  first  mediator  employed  for 
flavin  adenine  dinudeotide  (FAD)-enzyme  electrodes  was  the 
natural  substrate  the  flavin-linked  oxidases,  O2  (19-15).  Fot 
example,  the  reaction  of  glucose  oxidase  (GO)  is 
GO-FAD  -I-  glucose  -►  GO-FADH2  +  gluconolactone 

(1) 

GO-FADH2  -b  O2  —  GO-FAD  +  H202  (2) 

and  tile  first  commercial  amperometric  glucose  sensors 


measured  either  the  decrease  in  O2  concentration  at  an  oxygen 
electrode  (IS)  or  the  increase  in  H2O2  concentration  at  a 
platinum  electrode.  The  H2O2  formed  in  such  sensors  de¬ 
grades  the  enzyme  (16).  Nature  alleviates  this  problem 
through  the  use  of  the  highly  active  enzyme  catalase,  which 
catalyzes  the  disproportionation  of  the  H2O2  to  water  and 
oxygen.  Furthermore,  the  electrode  current  depends  on  the 
concentration  of  both  enzyme  substrates,  i.e.,  glucose  and  O2. 
Measurement  of  the  H2O2  concentration  requires  both  a  highly 
catalytic  electrode  (eg.,  Pt)  and  a  potential  (ca.  0.7  V  vs  SCE) 
substantially  positive  of  the  reversible  potential  for  the 
FAD/FADHj  couple  (E“  «  -0.4  V  vs  SCE)  (17).  This  may 
result  in  large  spurious  currents  due  to  a  number  of  easily 
oxidized  species  in  the  system  to  be  measured.  Because  of 
this  problem,  selective  membranes  were  required  to  maintain 
the  specificity  of  the  enzyme  electrode. 

The  more  recent  devices  have  employed  small  diffusing 
electron  mediators  (Ox/Red)  such  as  ferrocenes  (18,  19), 
quinones  (20),  ruthenium  amines  (21),  components  of  organic 
metals  (22-27),  and  octacyanotungstates  (28).  In  such  elec¬ 
trodes,  reaction  1  above  is  followed  by 

GO-FADH2  +  20x  —  GO-FAD  +  2Red  +  2H+  (3) 

where  the  reduced  form  of  the  mediator  (Red)  is  subsequently 
electrooxidized.  Catalase  can  be  added  to  such  a  system  to 
protect  the  enzyme  firom  H2O2.  The  potential  at  which  these 
electrodes  operate  is  only  slightly  positive  of  the  formal  po¬ 
tential  of  the  mediator,  and  a  highly  active  noble  metal 
electrode  is  not  required  for  the  reaction.  Thus,  spurious 
currents  due  to  competing  species  may  be  reduced.  Still,  in 
an  o^gen-containing  medium,  there  is  a  competition  between 
the  oxidized  form  of  the  mediator  (Ox)  and  oxygen  for  the 
reduced  form  of  the  enzyme  (GO-FADH2)  (eqs  2  and  3). 
Thus,  the  electrode  current  is  independent  of  the  oxygen 
concentration  only  insofar  as  the  mediator  competes  effectively 
with  O2. 

Many  enzyme  electrodes  require  that  the  enzyme  be  con¬ 
fined  to  the  proximity  of  the  electrode  surface  by  x  membrane. 
Diffusion  of  substrate  and  product  through  such  a  membrane 
controls  the  (usually  slow)  response  time  of  these  electrodes. 
The  required  membrane  seal  also  increases  the  cost  of  these 
electrodes.  Furthermore,  the  small  mediators  commonly  em¬ 
ployed  in  the  recent  devices  eventuaUy  diffuse  through  the 
membranes  and  are  lost.  Recently,  a  polymeric  redox  “wire” 
based  on  the  poly(vinylpyridine)  (PVP)  complex  of  Os(bpy)2Cl 
(abbreviated  POs*)  has  been  introduced  (29).  The  “wire" 
electrically  coimects  the  enzyme  to  the  electrode  yet,  by  virtue 
of  its  molecular  size,  remains  confined  behind  the  membrane. 
This  polycationic  redox  polymer  forms  electrostatic  complexes 
with  the  polyanionic  glucose  oxidase  in  a  manner  mimicking 
the  natural  attraction  of  some  redox  proteins  for  enzymes,  eg., 
cytochrome  c  for  cytochrome  c  oxidase  (30).  We  report  here 
a  method  for  bonding  a  similar  redox  polymer  to  the  emyme 
and  immobilizing  the  enzyme/ polymer  compound  on  an 
electrode  in  one  step.  The  need  for  a  membrane  is  eliminated 
in  the  resulting  electrode.  To  simultaneously  “wire”  and 
immobilize  the  enzyme,  we  quaternize  the  PVP  l^kbone  with 
either  the  bromoacetic  or  bromopropionic  acid  ester  of  N- 
hydroxysuccinimide  (NHS).  The  NHS  eaters  react  rapidly 
with  primary  amines,  e.g.,  lysines  on  the  enzyme  surface,  to 
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Polymer  1 

n  =  1,  m  =  2.9,  p  =  1.5 


Polymer  2 

n  “  1,  m  ”  2.4,  p  =  2.0 


Flgur*  1.  Structures  of  the  two  cross-linkable,  redox  geMorming 
polymers. 

foraa  amide  bonds  (31).  In  the  presence  of  an  enzyme  and 
a  cross-linking  agent  (triethylenetetraamine,  trien)  this 
polymer  forms,  on  the  surface  of  an  electrode,  an  insoluble, 
cross-linked  film  containing  covalently  bound  enzyme.  The 
resulting  electrode  is  simple  to  make,  fast,  and  rugged.  We 
report  the  synthesis  of  two  derivatives  of  this  polymer  and 
the  electrochemical  characterization  of  several  polymer/glu- 
cose  oxidase  electrodes  as  a  function  of  temperature  and  the 
concentrations  of  glucose,  other  sugars,  and  oxygen.  We  also 
describe  a  convenient  method  for  quantifying  the  relative  rates 
(tf  eqs  2  and  3  in  our  system  by  rotating  ring  disk  voltammetry. 

EXPERIMENTAL  SECTION 

Chemicals.  Glucose  oxidase  [EC  1.1.3.4]  from  Aspergillus 
niger  (Sigma,  catalog  no.  G-8135),  catalase  [EC  1.11.1.6]  (Sigma, 
catalog  no.  C-100),  Na-HEPES  (sodium  4r(2-hydroxyethyl)-l- 
piperazineethanesulfonate)  (Aldrich),  and  K2O8C4  (Johnson 
Matthey)  were  used  as  received.  Poly(vinylpyridine)  (PVP, 
Polysciences,  MW  50000)  was  purified  3X  by  dissolution  in 
methanol,  nitration,  and  precipitation  with  ether. 

Polymers.  The  structure  of  the  polymers  reported  here  is 
shown  in  Figure  1.  The  polylvinylpyridine)  complex  of  the 
Os(bpy)2Cl2  was  synthesis^  as  previously  reported  (32)  and 
purifi^  by  precipitation  from  ethyl  acetate.  The  resulting 
pt^ymer  was  quatmnized  in  warm  (ca.  60  "O  dimethyl  formamide 
(DMF)  under  N2  with  either  bromoethanol  (Aldrich)  or  a  mixture 
containing  equimolar  amounts  of  triethylamine  and  3-bromo- 
prc^Nonic  acid  (Aldrich)  for  2  h.  (The  polymer  cmnpositions  shown 
in  Figure  1  assume  that  these  material  reacted  quantitatively 
with  the  poly(vinylpyridine)  backbone.)  After  the  initial  partial 
quatemization,  a  slight  excess  of  either  the  bromoacetic  or  bro- 
mopropionic  acid  ester  of  N-hydroxysuccinimide  (NHS)  (syn¬ 
thesized  from  the  respective  acid  chloride  and  NHS  essenti^y 
by  the  method  of  Poliak  et  aL  (33))  was  added,  and  the  solution 
was  further  warmed  for  ca.  2  h.  The  resulting  solution  was  then 
oooied  and  poured  into  rapidly  stirred  acetone,  and  the  precipitate 
was  Altered,  washed  wi^  acetone,  and  stored  in  a  desiccator. 

Ihe  polymer  quatemized  with  bromoethanol  and  the  bromo¬ 
acetic  acid  ester  of  NHS  (polymer  1,  POs*-EtOH-<;2NHS)  has 


a  formula  weight  of  1878  g/repeat  unit,  assuming  the  composition 
shown  in  Figure  1.  This  corresponds  to  ca  0.8  Mmol  of  active  ester 
groups  per  milligram  of  polymer.  The  polymer  quatemized  with 
bromopropionic  acid  and  the  bromopropionic  acid  ester  of  NHS 
(polymer  2,  POs^-EtCOO'-CsNHS)  has  approximately  1.0  Mmol 
of  active  ester  groups  per  milligram  of  polymer. 

Electrodes.  A  representative  electrode  fllm  was  prepared  as 
followK  An  electrode  consisting  a  gold  disk,  4.7  mm  in  diameter, 
surrounded  by  a  platinum  ring,  was  polished  first  with  O.S-Mm 
alumina  and  then  with  0.05-Mm  alumina,  sonicated,  rinsed  with 
water,  and  dried  in  air.  Aliquots  (4  mL  each)  of  the  following 
solutions  were  then  applied  to  the  gold  disk:  10  mg/mL  glucose 
oxidase  solution  in  10  mM  HEPES  buffer,  pH  7.2;  8  mM  trien 
in  the  same  buffer  solution;  and  a  freshly  made  solution  of  10 
mg/mL  polymer  2  in  H2O.  The  solutions  were  briefly  mixed  on 
the  electrode  surface;  the  electrode  was  then  dried  in  a  vacuum 
dessicator  containing  a  beaker  of  H2O  for  at  least  30  min.  Similar 
films  were  made  on  glassy  carbon,  graphite,  and  platinum  elec¬ 
trodes  of  various  sizes. 

Equipment.  Electrochemical  measurements  were  performed 
with  a  Princeton  Applied  Research  175  universal  programmer, 
a  Model  173  potentiostat,  and  a  Model  179  digital  coulometer. 
The  signal  was  recorded  on  a  Kipp  and  Zonen  X-Y-Y'  recorder. 
A  conventional  single-compartment  electrochemical  cell  was  used 
with  an  aqueous  saturate  calomel  reference  electrode  (SCE) 
(0.226  V  vs  a  normal  hydrogen  electrode  (NHE))  and  a  platinum 
counter  electrode.  The  rotating  ring  disk  experiments  were 
performed  with  a  Pine  Instruments  AFMSRX  rotator,  MSRS 
speed  control  and  RDE4  bipotentiostat,  and  either  a  glassy  carbon 
disk/platinum  ring  electrode  (GC/Pt  RRDE)  or  a  gold  disk/ 
platinum  ring  electrode  (Au/Pt  RRDE),  both  from  Pine  Instru¬ 
ment  Co. 


RESULTS  AND  DISCUSSION 

Enzyme  Immobilization  and  Film  Formation.  The 
immobilization  of  enzymes  has  been  the  subject  of  extensive 
recent  work  (2, 34, 35)  because  heterogeneous  catalysis  has 
advantages  over  homogeneous  catalysis  and  also  because,  in 
some  cases,  enzymes  are  stabilized  by  immobilization  (36-39). 
The  observed  stabilization  has  been  attributed  both  to  the 
protection  against  attack  by  proteases  that  is  afforded  by  the 
polymeric  support  and  to  the  physical  conOnement  of  the 
enzyme’s  peptide  chains  that  can  retard  thermal  denaturatioa 
Polymers  containing  N-hydroxysuccinimide  (NHS)  esters  have 
been  commonly  used  as  coupling  agents  for  affinity  chroma¬ 
tography  (40)  and  for  the  immobilization  of  a  number  of 
enzymes  (33). 

Recently,  Foulds  and  Lowe  (41)  have  reported  the  en¬ 
trapment  of  glucose  oxidase  in  films  of  ferrocene-containing 
polypyrrole.  In  these  electrodes  both  direct  current  and  in¬ 
direct  (02-mediated)  current  were  observed.  Hale  et  al.  (42) 
described  a  biosensor  based  on  the  adsorption  of  glucose 
oxidase  onto  a  mixture  of  carbon  paste  and  a  ferrocene-con¬ 
taining  sfloxane  polymer.  Here  we  report  the  covalent  binding 
of  glucose  oxidase  in  an  electrically  conducting,  hydrophilic, 
cross-linked  redox  gel  on  the  surface  of  an  electrode.  Hie  NHS 
ester  chemistry  was  incorporated  in  the  previously  developed 
PVP-based  polycationic  redox  polymer  (POs*)  (29,  32)  by 
quatemizing  some  of  the  uncomplexed  pyridines  of  POs^  with 
bromoacetic  or  bromopropionic  acid  esters  of  NHS.  To 
provide  solubility  in  water  to  the  resulting  polymer,  the  re¬ 
maining  free  pyridines  were  quatemized  with  either  2- 
bromoethanol  or  3-bromopropionic  acid  (Figure  1). 

Active  NHS  esters  are  highly  specffic  for  primary  amines; 
they  also  slowly  hydrolyze  in  aqueous  solution  (33).  Thus, 
the  two  reactions  of  importance  are  the  aminolysis  and  the 
hydrolysis  of  these  active  ester  groups  on  the  polymer  chain. 
The  cross-linked  polymer  is  formed  on  the  surface  of  the 
electrode  by  the  addition  of  a  few  microliters  of  a  fresh  solution 
of  the  polymer  to  a  solution  of  the  enzyme  and  the  cross- 
linking  agent  (trien)  followed  by  evaporation  of  the  solvent 
It  is  feasible  to  use  the  enzyme  as  the  only  cross-linking  agent 
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Flgur*  2.  Cyclic  voltammograms  of  a  cross-Unked  film  consisting  of 
polymer  2,  ghjcoee  oxidase,  and  Irtothylenetelraamlne  on  glassy  carbon 
in  the  absence  of  glucose:  0.1  M  HEPES  buffer  at  pH  7.1;  scan  rates 
(mV/s),  (a)  10,  (b)  20.  (c)  SO.  (d)  100,  (e)  200. 

This  requires,  however,  a  high  concentration  of  enzyme  and 
results  in  an  electrode  exhibiting  slow  charge-transfer  kinetics. 
Polymer/(X)/trien  films  have  been  prepared  on  glassy  carbon, 
graphite,  gold,  and  platiniun  electrodes;  the  electrode  char¬ 
acteristics  were  not  noticeably  affected  by  the  nature  of  the 
conducting  substrates.  In  systems  where  the  enzyme  is  free 
to  diffuse,  platinum  or  glassy  carbon  electrodes  often  cause 
irreversible  adsorption  or  denaturation  of  the  enzyme  (43). 
Apparently  the  enzyme  in  the  cross-linked  polymer  films  is 
protected  from  the  deactivating  influence  of  the  electrode 
surface. 

Electrochemical  Characterization  of  the  Polymer/ 
Enzyme  Film.  In  the  absence  of  glucose  oxidase  in  the 
polymer  film,  the  current  density  resulting  from  direct  elec¬ 
trooxidation  of  glucose  (30  mM)  is  less  than  the  background 
current  (<10  nA/cm*)  in  the  range  0-0.5  V  vs  SCE.  Cyclic 
voltammetric  waves  at  different  scan  rates  of  a  thin  layer  of 
polymer  2/GO/trien  on  a  glassy  carbon  electrode  are  shown 
in  Figure  2  in  a  solution  containing  0.1  M  HEPES  buffer 
titrated  to  pH  7.1  with  HCl  (ionic  strength,  0.17  M).  In  the 
absence  of  glucose,  the  enzyme  gives  no  response  and  only  the 
polymer  electrochemistry  is  observed.  The  electrode  exhibits 
the  classical  features  of  a  kinetically  fast  redox  couple  strongly 
bound  to  an  electrode  surface  (44).  At  a  scan  rate  of  200  mV /s 
the  difference  in  the  reduction  and  the  oxidation  peak  po¬ 
tentials  is  less  than  20  mV,  showing  that  charge  transfer  and 
counterion  movement  through  the  film,  as  well  as  charge 
transfer  from  the  film  to  the  electrode,  are  rapid  (44).  Inte¬ 
gration  of  the  charge  passed  on  either  reduction  or  oxidation 
of  the  polymer  leads  to  a  value  of  F  «  KT®  mol/cm®  of  redox 
active  centers  on  the  surface.  The  symmetrical  surface  waves 
and  fast  kinetics  seen  in  Figure  2  show  that  the  presence  of 
the  enzyme  does  not  appreciably  affect  the  electrochemistry 
of  the  oemium  polymer  film.  Later  results  will  show  that, 
conversely,  the  presence  of  the  polymer  does  not  appreciably 
affect  the  specificity  or  the  activity  of  the  enzyme. 

Catalytic  Oxidation  of  Glucose  with  Polymer/Enzyme 
Films.  Upon  addition  of  glucose  (40  mM)  to  the  solution, 
a  catalytic  (nidation  wave  is  observed  and  the  reduction  peak 
is  elindnated  (Figure  3).  Thus,  glucose  oxidase  is  reduced 


Figure  3.  Cyclic  vottammogram  of  the  fikn  shown  in  Figure  2  under 
N,  after  addition  of  40  mM  glucose:  s(^  rate,  5  mV/s;  rotation  rate, 
1000  rpm. 

by  the  glucose  penetrating  the  gel  (eq  1),  electrons  are 
transferred  from  the  reduced  enzyme  to  the  Os(III)  sites  (eq 
3),  and  the  electrons  are  then  transferred  through  the  osmium 
polymer  film  to  the  electrode  surface.  The  absence  of  a  re¬ 
duction  wave  shows  that,  at  this  scan  rate  (5  mV/s),  the  film 
is  homogeneously  maintained  in  the  reduced  state  by  the 
transfer  of  electrons  from  GO-FADH2  to  the  Os(ni)  complex 
(eq  3).  This  is  also  evidenced  by  the  almost  complete  lack 
of  hysteresis  between  the  forward  and  the  reverse  scans.  At 
faster  scan  rates  (data  not  shown)  a  hysteresis  appears  and, 
eventually,  a  reduction  wave  is  also  observed.  Thus,  at  fast 
scan  rates,  the  film  is  no  longer  completely  reduced  by  en- 
z}nne-mediated  electron  transfer  from  glucose  in  the  time 
required  for  the  scan.  The  appearance  of  the  hysteresis  and 
the  reduction  wave  is  a  function  of  substrate  concentration, 
scan  rate,  film  composition  and  thickness,  and  ionic  strength. 

The  temperature  dependence  of  a  film  of  polymer  2/ 
GO/trien  was  investigated  from  14  to  40  in  a  solution 
containing  0.1  M  HEPES,  catalase,  and  30  mM  glucose  under 
a  nitrogen  atmosphere.  Thirty  millimolar  glucose  is  many 
times  the  apparent  Michaelis  constant  of  the  electr(xle  ( 
below)  and  is  close  to  the  saturation  level  for  substrate.  Tne 
electrode  was  rotated  at  5(X)  rpm  (the  results  were  independent 
of  rotation  rate  above  ca.  3(X)  rpm),  and  the  potential  was  held 
at  0.35  V  vs  SCE.  Over  this  range,  the  current  exhibits  a 
sm(x>th  exponential  increase  with  temjierature.  An  Arrhenius 
plot  of  this  data  (Figure  4)  gives  an  activation  energy  for  the 
rate-determining  step  in  these  films  under  such  conditions 
of  11.1  kcal/mol. 

Glucose  Response  and  Apparent  Michaelis  Constant 
of  the  Enzyme  Electrodes.  The  glucose  response  curves  of 
films  on  rotating  disk  electrodes  were  measured  at  2000  rpm 
(fast  rotation  rates  were  required  to  prevent  concentration 
polarization  at  low  glucose  concentration)  and  0.45  V  vs  SCE. 
Aliquots  of  a  1  M  solution  of  glucose  were  injected  into  the 
ceU  (solution  volume  100  mL)  while  the  current  was  monitoreiL 
The  current  stabilized  in  ca.  10  s,  i.e.,  in  the  time  required 
to  reach  a  uniform  glucose  concentration  throughout  the  cell. 
Thus,  an  upper  limit  on  the  response  time  of  these  enzyme 
electrodes  is  10  s. 

The  glucose  response  curves  measured  under  Nj  are  con¬ 
sistent  with  those  expected  for  Michaelis-Menten  kinetics. 
Castner  and  Wingard  (45)  have  shown  that  enzymes  immo¬ 
bilized  on  rotating  disk  electrodes,  under  conditions  where 
the  enzjrmatic  reaction  is  rate  controlling,  follow  the  Eladie- 
Hofstee  form  of  the  Michaelis-Menten  equation; 

J«=J^-K^’U^/C*)  (4) 

where  is  the  steady-state  current  density,  /mm  is  the  max¬ 
imum  current  density  under  saturating  substrate  conditions 
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Figure  4.  Arrhenhis  plot  of  the  staei  --state  catalytic  currant  of  a 
polymar  g/glucosa  oxUasa/trtan  fim  ou  a  gold  dak  el^-^trode:  0.1  M 
HEPES  at  pH  7. 1,  30  mM  ghicosa.  N,  atmosphera,  ct  ilasa  added  to 
solution.  The  electrode  was  rotated  at  SOO  rpm  and  held  at  0.35  V 
vsSCE. 

(this  is  related  to  the  measured  in  homogeneous  solution), 
Ka  is  the  apparent  Michaelis  constant  (which  can  differ 
substantially  from  that  measured  in  homogeneous  solution 
and  is  not  an  intrinsic  property  of  the  enzyme,  but  of  the 
system),  and  C*  is  the  concentration  of  glucose  in  solution, 
llie  glucose  response  data  (Figure  5a)  were  plotted  in  an 
Eadifr-Hofstee  type  plot  (Figure  5b)  giving  a  straight  line  with 
a  slope  equal  to  ^e  negative  of  the  apparent  Michaelis  con¬ 
stant  (/f«'  «  7.3  mM)  and  an  intercept  equal  to  jau  *=  565 
M/cm*  The  K^'  measured  for  a  number  of  films  varied  only 
slightly;  however,  varied  from  ca.  100  to  800  M/cm^ 
depending  on  film  thickness,  composition,  and  temperature. 
The  apparent  Michaelis  constant,  K^',  characterizes  the  en¬ 
zyme  electrode,  not  the  enzyme  itself.  It  is  a  measure  of  the 
substrate  concentration  range  over  which  the  electrode  re¬ 
sponse  is  approximately  linear.  Castner  and  Wingard  (45) 
obtained  values  of  K^'  for  glucose  oxidase  electrodes  of  6, 14, 
and  36  mM  for  glucose  oxidase  immobilized  with  derivatized 
albumin,  allylamine,  and  a  silane,  respectively. 

Competition  between  Oxyffen  and  the  Redox  Polymer. 
A  comparison  of  glucose  response  curves  measured  under  Nj 
and  under  air  is  shown  in  Figure  6.  There  was  no  catalase 
present  in  either  the  film  or  the  solution.  The  decrease  in 
catalytic  current  density  in  air-saturated  solutions  can  be 
explained  by  the  competition  between  O3  and  the  Os(III) 
complex  for  electrons  from  the  reduced  enzyme  (eqs  2  and 
3).  Thus,  the  response  of  the  present  polymer/enzyme 
electrode  is  still  dependent  on  the  oxygen  concentration,  al¬ 
though  this  dependence  is  less  than  that  for  an  electrode 
measuring  either  0%  or  H2O2.  Improvements  in  the  redox 
polymer  would  be  expected  to  further  decrease  the  oxygen 
sensitivity  of  these  electrodes. 

When  0}  is  competing  with  the  redox  couple  for  the  oxi¬ 
dation  of  the  enzyme,  it  is  important  to  quantify  the  relative 
rates  of  the  two  competing  reactions  (eqs  2  and  3).  This  was 
achieved  by  rotating  ring  disk  voltammetry.  The  enzyme- 
containing  polymer  Him  was  deposited  only  on  the  disk  of  a 
rotating  ring  disk  electrode  (RRDE).  The  disk  electrode  was 
either  Au  or  glassy  carbon,  i.e.,  a  material  with  a  high  over- 
potential  for  oxidation  of  H2O2,  whUe  the  ring  was  Pt,  a  good 
catalyst  for  the  oxidation  of  HjOg.  The  measurement  was 
conducted  by  placing  the  electrode  in  a  HEPES  solution 
through  which  air  was  being  continuously  bubbled  and  that 
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Figures,  (a)  Steady-state  glucose  response  curve  of  ttie  fHm  shown 
in  Figure  4  under  Nj  at  37.5®  C:  w  =  2000  rpm.  V  =  0.46  V  vs  SCE. 
(b)  Eadie-Hofstee  type  plot  of  the  data  In  a.  The  best  fit  equation  Is 
shown. 


Glucose  (mM) 

Figures.  Steady-state  glucose  response  curves  under  N,  and  under 
air  of  a  fltn  composed  of  polymer  l/gfucose  oxUase/lrien:  no  catalase 
In  the  fHm  or  In  solution,  7  =  23  ®C,  a;  =  2000  rpm,  V  =  0.45  V  vs 
SCE. 

contained  at  first,  no  sugar.  There  was  no  catalase  either  in 
the  film  or  in  solution.  The  electrode  was  rotated  at  1000  rpm 
while  the  ring  was  biased  at  0.7  V  vs  SCE.  After  stabilization 
of  the  background  current  (ca.  10  min),  the  disk  potential  was 
stepped  from  0.1  V  (polymer  in  the  Os(II)  state)  to  0.45  V 
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FIgiir*  7.  Rotating  ring  disk  axperimant  with  a  poiymer  2/glucose 
oxidase/trien  (fen  on  a  glassy  cartion  disk  surrounded  by  an  uncoated 
platinum  ring.  The  sold  few  Is  the  dtek  cunwit  (dtak  potential  was  althar 
0.1  or  0.45  V).  and  the  dashed  line  (offset  by  ca.  0.2  min)  Is  the  ring 
current  (ring  potential  was  0.7  V).  CorKfItlons;  air-saturated  HEPES 
buffer  (0.1  M)  at  pH  7.1;  no  catalase  In  the  film  or  In  solution.  At  f « 
1.5  min  the  dtak  potential  was  stepped  from  0.1  to  0.45  V;  at  f  2.5 
min  it  was  stepped  back  to  0.1  V.  At  f  4  mm  glucose  was  mjected 
to  a  concentration  of  10  mM.  At  f »  4.5  mm  the  disk  voltage  was 
stepped  from  0.1  to  0.45  V;  at  f «  5.5  mm  ft  was  stepped  back  to  0.1 
V.  The  cycle  was  repeated  twice  more. 

(polymer  in  the  Os(IID  state)  and  then  back  (Figure  7).  The 
disk  showed  only  charging  current;  i.e,,  no  steady-state  current 
was  observed.  Furthermore,  the  ring  current,  as  expected, 
showed  no  change  upon  stepping  the  potential  of  the  disk. 
Upon  addition  of  10  mM  glucose  (i.e.,  a  value  close  to  K„', 
in  the  normal  operational  range  of  the  electrode),  the  ring 
current  increased  because  of  the  oxidation  of  H2O2  formed 
by  the  enzyme  bound  to  the  disk.  The  increase  in  ring  current 
upon  addition  of  glucose  (while  the  polymer  is  in  its  inactive, 
(H(II),  state)  is  a  measure  of  the  activity  of  the  enzyme  im¬ 
mobilized  in  the  redox  polymer.  This  mode  of  operation  is 
similar  to  that  of  a  peroxide-measuring  glucose  sensor. 
Stepping  the  disk  potential  from  0.1  to  0.45  V  now  resulted 
in  a  steady-state  disk  current  and  a  substantial  and  reversible 
(upon  stepping  back  to  0.1  V)  decrease  in  the  ring  current. 
Thus,  the  increase  in  the  polymer-mediated  oxidation  of 
glucose  (disk  current)  resulted  in  the  decrease  of  the  oxy¬ 
gen-mediated  oxidation  of  glucose  (ring  current).  After  sub- 
tractiim  of  the  background,  this  decrease  in  ring  current  upon 
oxidation  of  the  polymer  was  measured  to  be  ca.  20%  of  the 
total.  Since  the  percentage  of  the  total  H2O2  that  is  collected 
at  the  ring  is  a  function  (mly  of  the  geometry  of  the  derivatized 
RRDE,  the  20%  decrease  in  ring  current  upon  oxidation  of 
the  polymer  corresponds  to  the  percentage  of  the  active  en¬ 
zyme  that  is  directly  oxidized  by  the  polymer  rather  than  by 
the  competing  O2. 

Seieethdty  and  Stability  of  the  Enzyme  Electrode.  The 
selectivity  of  these  enzyme  electrodes  was  briefly  examined 
by  bolding  the  potential  at  0.45  V  while  fructose,  galactose, 
a^  ethylene  (dycol  were  added  sequoitially  at  concentrations 
of  10  mM.  Thme  substances,  individuaUy  or  collectively,  had 


no  measurable  effect  on  the  electrode  current  (i.e.,  less  than 
1  nA).  Addition  of  10  mM  glucose  led  to  a  current  of  9.3  mA. 
These  results,  and  the  high  activity  of  the  immobilized  enzyme 
(as  seen  from  the  large  )mu),  suggest  that  the  glucose  oxidase 
covalently  bound  in  these  redox  polymer  films  retains  much 
of  its  native  selectivity  and  activity. 

Preliminary  tests  of  these  electrodes  in  solutions  containing 
ascorbate  (a  common  interferent)  have  shown  that  the  current 
due  to  ascorbate  oxidation  is  apparently  inversely  proportional 
to  the  surface  coverage  of  the  polymer  film.  Thus,  the  redox 
polymer  is  an  advantageously  poor  electrocatalyst  for  the 
oxidation  of  ascorbate.  When  stored  dry,  without  precautions, 
in  the  laboratory  ambient,  the  electrodes  showed  no  deteri¬ 
oration  over  the  course  of  3  weeks.  Longer  tests  are  in 
progress. 

CONCLUSIONS 

A  simple  and  effective  method  for  immobilizing  redox  en¬ 
zymes  on  electrodes  while  simultaneously  electrically  con¬ 
necting  them  to  the  electrode  is  described.  The  resulting 
croes-linked,  enzyme-containing  films  are  stable,  selective,  and 
highy  active  for  the  catalytic  oxidation  of  glucose.  Although 
the  glucose-related  current  density  from  these  electrodes  is 
high,  O2  can  still  competitively  oxidize  a  significant  fraction 
of  the  enzymes.  This  technique  for  immobilization  and 
electrical  connection  of  redox  enzymes  appears  to  be  promising 
for  a  number  of  enzyme  electrode  applications. 

LITERATURE  CITED 

(1)  wise,  D.  L.,  Ed.  Appled Btosenaors',  Butterwofiris:  Boston,  1989. 

(2)  Mosbach,  K.,  Ed.  Methods  In  Emymokigy,  Academic  Press:  New 
York.  1987;  Vol.  137. 

(3)  Luong,  J.  H.  T.;  Mulchandani,  A.;  QuMiault,  Q.  G.  Trends  Bkxhem. 
1988,  6,  310-316. 

(4)  Higgins.  I.  J.  Blotec  1988,  2.  3-8. 

(5)  BartMt,  P.  N.;  Whitaker.  R.  G.  Biosensors  1987/1988,  3.  359-379. 

(8)  HW.  H.  A.  O.  Pure  Appl.  Chem.  1987,  59.  743-748. 

(7)  Degani.  Y.;  Heller.  A.  J.  Ptrys.  Chem.  1987,  91,  1285-1289. 

(8)  Oegani,  Y.;  Heler,  A.  J.  Am.  Chem.  Soc.  1988,  110,  2615-2620. 

(9)  De^ni,  Y.;  Heller,  A.  In  Redox  Chemistry  and  Intertsdal  Behavior  of 
Biological  Molecules  -,  Drytiurst,  G..  Nki,  K.,  Eds.;  Plenum  Press:  New 
York,  1987. 

(10)  dark.  L.  C..  Jr.;  Lyons.  C.  Ann.  N.Y.  Acad.  Sd.  1982,  102,  29-45. 

(11)  Clark,  L.  C.,  Jr.;  Spokane,  R.  B.;  Homan,  M.  M.;  Sudan,  R.;  Mfer,  M. 
Trans.  Am.  Soc.  Ardf.  fntem.  Organs  1988,  34,  259-265. 

(12)  Jonsson,  G.;  Gorton,  L.  Anal.  Lett.  1987,  20,  839-855. 

(13)  lanniello.  R.  M.;  Yacynych.  A.  M.  Anal.  Chem.  1981,  S3,  2090-2095 

(14)  Mason,  M.  Blotec  1988,  2.  49-53. 

(15)  Updike,  S.  J.;  Hkks,  Q.  P.  Nature  1967,  2/4,  986-988. 

(16)  Tse,  P.  H.  S.;  Gough.  D.  A.  BkOechnol.  Bloeng.  1987,  29,  705-713. 

(17)  Stankovich,  M.  T.;  Schopfer,  L.  M.;  Massey.  V.  J.  Bid.  Chem.  1978, 
2S3,  4971. 

(18)  (freen.  M.  J.;  HM,  H.  A.  0.  J.  Chem.  Soc.,  Faraday  Trans.  1  1988. 
62.  1237-1243. 

(19)  Cass,  A.  E.  G.;  Davis,  G.;  Green,  M.  J.;  HM.  H.  A.  O.  J.  Bectroanal. 
Chem.  InterfadalElectrochem.  1988,  190,  117-127. 

(20)  Kulys,  J.  J.;  CSnas,  N.  K.  Blochim.  Blophys.  Acta  1983,  744,  57-63. 

(21)  CrumMss,  A.  L.;  HM.  H.  A.  O.;  Page,  0.  J.  J.  Bectroanal.  Chem. 
InterfadalElectrochem.  1988,  206,  327. 

(22)  Kulys,  J.  J.;  Samalius.  A.  S.;  Swirmidua,  J.  S.  FEBSLett.  1980,  114, 
7. 

(23)  COnas,  N.  K.;  Kulys,  J.  J.  Bloelectrochem .  Bloenergy  1981,  6,  103. 

(24)  Kulys.  J.  J.;  Cenas,  N.  K.  Blochim.  Blophys.  Acta  1983,  744  ,  57. 

(25)  Afeery.  W.  J.;  Bartlett.  P.  N.;  Cass.  A.  E.  G.;  Craston,  D.  H.;  Haggett, 
B.  G.  D.  J.  Chem.  Soc.,  Faraday  T  -vts.  1  1988,  82,  1033. 

(26)  Abery,  W.  J.;  Bartlett.  P.  N.  J.  Bdroenal.  Chem.  Interfadal  Electro - 
chem.  1985,  194.  211. 

(27)  Abery,  W.  J.;  BaHlett.  P.  N.;  Craston,  D.  H.  J.  Bectroanal.  Chem. 
Irtterfadal  Etedrochem .  1985,  194.  223. 

(28)  Taniguchl,  I.;  Mfrairxtto,  S.;  Tominnura,  S.;  Hawkridge,  F.  M.  J.  Bec- 
Iroenel.  Chaim.  Interfadal Etectrochem.  1988,  240,  33. 

(29)  Degani.  Y.;  Heler,  A.  J.  Am.  Chem.  Soc.  1989,  111,  2357-2358. 

(30)  Hazzard.  J.  T.;  Moench,  S.  J.;  Erman,  J.  E.;  Sattartae,  J.  0.;  ToMn,  a 
Bloa,emlslry  1988,  27.  2002-2008. 

(31)  Anderson,  Q.  W.;  Zknmarman,  J.  E.;  Calahan,  F.  M.  J.  Am.  Chem. 
Soc.  1984,  86.  1839-1842. 

(32)  PIshko.  M.  V.;  Katakis.  I..  Undqiist,  S.-E.;  Ye.  L..  (fragg,  B.  A.;  Helar. 
A.  Angew.  Chem.,  In  press. 

(33)  PoMk,  A.;  Bkjmenfekl.  H.;  Wax,  M.;  Baughn.  R  L.;  Whilaaldes.  Q.  M. 
J.  Am.  Chem.  Soc.  1980.  102,  6324-6338. 

(34)  Mosbach,  K..  Ed.  Methods  In  Enzyrmtogy.  Academic  Press:  New 
York.  1987;  Vol.  135  and  136. 

(35)  Trevan,  M.  0.  Immodbed  Enzymes;  Wley  and  Sons:  New  York. 
1980. 

(38)  KR>anov.  A.  M  Anal.  Blochem  1979,  93.  1-25 


263 


(37)  MvtkMk.  K.;  KMMnov,  A.  M.;  QoldiTMch0r,  V.  S.:  Berezin.  1.  V.  Bk>- 
cMm.  BkytfiKS.  Acte  1677,  435.  1-12. 

(38)  Mvlinek,  K.;  Kttianov.  A.  M.;  GoUmecher.  V.  S.;  Tchemysheva.  A.  V.; 
Mozhaev.  V.  V.;  Berezin.  I.  V.;  Glotov.  B.  0.  BtocMn.  Bkiphys.  Acta 
1877.  485.  13-28. 

(39)  TorctMln.  V.  P.;  Makaknenko.  A.  V.;  Smirnov.  V.  N.;  Berezin.  I.  V.; 
KIbanov.  A.  M.;  Martkiek.  K.  BtocNm.  Blophys.  Acta  1878.  522. 
277-283. 

(40)  Schnaar.  B.  L.;  Lee.  Y.  C.  Blochemlalry  1878,  14.  1535-1541. 

(41)  Poukto.  N.  C.;  Lowe.  C.  R.  Anal.  Cham.  1888.  60.  2473-2478. 

(42)  Hale.  P.  0.;  Inagakl.  T.;  Karan.  H.  I.;  Okamoto.  Y.;  Skothekn.  T.  A.  J. 
Am.  Cham.  Sac.  1888.  111.  3482-3484. 

(43)  Bowden.  E.  F.;  HawkrWge.  F.  M.;  Blount.  H.  N.  In  Comprahansiva 


TraaUsa  of  Electrochamisay  :  Srtnivaaan.  S..  et  al..  Eda.;  Planum:  New 
York.  1965:  Vol.  10. 

(44)  Murray.  R.  W.  Elacaoanal.  Cham.  1984.  13.  191-368. 

(45)  Castner.  J.  F..  WIngard.  L.  B..  >.  Blochamistry  1884.  23.  2203-2210. 

Received  for  review  June  19, 1989.  Accepted  November  7,  . 
1989.  We  gratefully  acknowledge  the  financial  support  for  ’ 
this  research  from  the  Office  of  Naval  Research,  Contract  No. 
N()014-88-K-0401,  the  Texas  Advanced  Research  Program,  ^ 
and  the  Robert  A.  Welch  Foundation. 


ANGEWANDTE 

Volume  29  Number  t 
January  1990 
^ayes  82-84 

International  Edition  in  English 


Reprint 

VCH  Verlagsgesellschaft  mbH  Weinheim/Bergslr  1990 

Registered  names,  trademarks,  etc  used  in  this  journal  even 
without  specific,  indications  thereof,  are  not  to  be  considered 
unprotected  by  law  Printed  in  Germany 


shells  iirounJ  their  redox  centers,  (such  as  cytochrome  c. 
myoglobin,  ferredoxin  and  phycocyanin)  have  also  shown 
that,  even  though  these  proteins  are  directly  electrooxidized 
reduced  on  electrodes,  their  rates  of  electron  transfer  can  be 
enhanced  by  adsorbed  ’  promoters’'  (e  g  bipyridine,  methyl 
viologen)  that  bind  and  orient  the  proteins,  but  do  not  par¬ 
ticipate  in  the  redox  processes. We  now  find  that  pyroly  tic 
carbon  and  graphite  electrode  surfaces  can  be  modified  with 
adsorbed  polycationic  redox  polymers  that  complex  glucose 
oxidase.  In  these  structures,  electrons  are  vectorially  trans¬ 
ferred  from  enzyme-bound  glucose  to  the  electrode  via  the 
redox  centers  of  the  enzyme  and  those  of  the  redox  polymer. 

Strong  adsorption  of  the  redox  polymer  I  on  graphite  is 
seen  in  the  cyclic  voltammetry  of  the  terpolymer  of  poly(A’- 


Direct  Electrical  Communication  between 
Graphite  Electrodes  and  Surface  Adsorbed 
Glucose  Oxidase/Redox  Polymer  Complexes 

By  Michael  V.  Pishko.  loanis  Katakis,  Sten-Eric  Lindquist. 
Ling  Ye,  Brian  A.  Gregg,  and  Adam  Heller* 

The  redox  centers  of  glucose  oxidase,  like  those  of  most 
oxidoreductases,  are  electrically  insulated  by  a  protein  (gly¬ 
coprotein)  shell.  Because  of  this  shell,  the  enzyme  cannot  be 
oxidized  or  reduced  at  an  electrode  at  any  potential.  In  an 
earlier  communication  it  was  shown  that  in  homogeneous 
solutions,  water-soluble  polycationic  poly(vinylpyr>'ine) 
complexes  of  [Os(bpy),Cl]^®  bind  to  and  accept  electrons 
from  reduced  glucose  oxidase,  a  polyanion.*^'  Here  we  show 
that  the  same  polycationic  redox  polymers  are  strongly  ad¬ 
sorbed  on  graphite;  that  these  modified  surfaces  adsorb 
strongly  the  enzyme ;  and  that  the  surface  adsorbed  enzyme ' 
polymer  complexes  communicate  electrically  with  the  elec¬ 
trodes.  Electrodes  containing  these  adsorbed  comple.xes  are 
faster  and  easier  to  construct  than  commercially  available 
glucose  electrodes. 

Poly(4-vinylpyridine)  (PVP),  as  well  as  .V-methylated 
PVP,  were  shown  earlier  to  be  strongly  adsorbed  on  pyrolyt¬ 
ic  graphite  and  to  yield,  with  diffusing  redox  species,  long- 
lived  reproducible  electrodes.'^' Their  electrochemistry  is 
consistent  with  the  physisorption  of  segments  of  the  macro¬ 
molecules  providing  a  three-dimensional  network  into  and 
out  of  which  ions  diffuse.  Earlier  studies  of  the  electrochem¬ 
istry  of  small  redox  proteins  that  do  not  have  thick  insulating 

[*1  Prof.  Dr.  A.  Helicr.  M.  V.  Pishko.  I.  Katakis.  Dr.  S.-E.  Lindquist.  L.  Yc. 
Dr.  B  A.  Gregg 
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1**1  We  wish  to  thank  Yinon  Degani  for  his  valuable  advice  on  the  synthesis  of 
the  polymers  and  Goran  Svensk  for  the  molar  mass  determination  of  the 
Osmium-containing  redox-polymer  1.  This  work  was  supported  m  part  by 
the  Office  of  Naval  Research  and  the  Robert  A  Welch  Foundation. 


methyl-4-vinyl  pyridinium  chloride).  4-aminostyrene.  and 
the  PVP  complex  of  (Os(bpy),Cl;l  (see  Scheme  1);  at  scan 
rates  from  2  to  200  mVs"  the  peak  separation  is  30  mV  or 
less.  Integration  of  the  cyclic  voltammograms  at  low  scan 
rates  (2-5mVs‘‘)  shows  that  approximately  1.0x10"® 
moles  cm"^  of  1  are  electroactive.  The  polymer  does  not 
desorb  from  rotating  disk  electrodes  even  at  high  angular 
velocities  (2000  rpm),  and  coulometry  shows  that  less  than 
10%  of  the  polymer  is  desorbed  from  the  electrodes  after  30 
days  of  storage  in  a  stirred  water  bath.  The  polycationic 
adsorbed  polymer  1  strongly  binds  glucose  oxidase.  Cyclic 
voltammograms  for  the  oxidation  of  glucose  by  the  enzyme- 
polymer  complex  are  shown  in  Figure  1.  The  current  re- 
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Fig.  1.  Cyclic  vokammogram  of  ihe  t  glucose  oxidase  complex  in  60  m.M  glu¬ 
cose.  9.9  units  catalase  mL*‘.  0.15  m  sodium  (4-(2-hydroxvmcthyl)-l-piper- 
azineethanesulfonate  iNuHEPES)  at  pH  7.  Scan  rate;  5  mVs"  ‘  a)  no  glucose, 
b)  60  mM  glucose  Potential  Cl  vs.  SCE:  glucose  oxidase  1  graphite  electrode. 

sponse  at  a  constant  potential  of  0.45  V  (vs.  SCE)  persists 
for  more  than  10  hours  when  electrodes  are  rotated  at 
20  rpm  in  physiological  salt  solutions  that  do  not  contain 
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any  enzyme  or  polymer,  declining  approximately  10“/o  over 
the  first  hour  and  70%  after  10  hours.  The  electrodes  were 
stored  in  air  at  room  temperature  for  30  days  with  negligible 
loss  in  activity.  Chronoamperometric  measurements  in  a 
flow  cell  show  that  the  current  responds  to  an  increase  in 
glucose  concentration  in  less  than  1  s  (Fig.  2).  Response 


Fig.  2.  Electrode  response  to  a  change  in  glucose  concentration  from  0  to 
50  m.x  glucose  in  0.15  .m  NaHEPHSatpH  7.9.9  units  catalase  mL‘  *.  Flow  rate; 
193  cms~‘.  Glucose  oxidase  1  graphite  electrode. 


times  for  different  flow  rates  vary  from  0.4  s  at  a  linear  flow 
rate  of  42  cms"  ‘  to  0.2  s  at  a  flow  rate  of  210  cms~  ‘.  The 
glucose  concentration  dependence  of  the  current  at  0.45  V 
(SCE)  is  shown  in  Figure  3.  A  background  current  persists  at 
zero  glucose  concentration.  Because  the  electrodes  are  sim¬ 
ple  to  construct  and  the  materials  cost  little,  they  are  likely 
to  be  appropriate  for  use  in  fast,  disposable  glucose  sensing 
tips. 
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Fig.  3.  Glucose  concentration  dependence  of  the  current  density  at  0.45  V  for 
(he  glucose  o.xtdase.  I  graphite  electrode  system  in  0.15  m  NaHEPES  at  pH  7 
and  9.9  units  catalase  mL" 


The  rate  of  glucose  oxidase  adsorption  on  redox-polymer 
1  modified  graphite  electrode  was  studied  by  chronoamper- 
ometry.  Electrodes  were  placed  in  4  mL  solutions  of  60  mvt 
glucose  and  0.15  m  NaHEPES  at  pH  7  and  kept  under  Nj. 
0.9  pg  of  catalase  (44000  units  per  mg  protein)  was  added  to 
prevent  the  deactivation  of  glucose  oxidase  by  evolved 
HjOj.  Approximately  10  pL  of  a  4mgmL'‘  solution  of 
glucose  oxidase  was  slowly  injected  into  the  electrochemical 
cell  to  yield  a  final  glucose  oxidase  concentration  of 


lOpgmL  ‘.  The  potential  was  then  stepped  from  OV  to 
0.45  V  (SCE).  The  rise  in  current  upon  enzyme-complexing 
by  the  redox  polymer  coating  of  the  electrode  is  shown  in 
Figure  4. 


Fig.  4.  Chronoampcromeihc  response  ofa  I  graphite  electrode  in  10  pgmL  ~  ^ 
glucose  o.xiduse.  60m.M  glucose.  O.IS  S4  NaHEPES  at  pH  7  with  no  catalase 
present. 


Investigation  of  the  effect  of  increasing  salt  concentration 
shows  that  electron  transfer  ceases  at  high  (>0.5m)  salt 
concentration  in  solutions  containing  only  NaCI  and  buffer 
(no  enzyme)  but  recovers  upon  dilution  (to  0.15  m).  This 
indicates  that  appropriate  electrostatic  bonding  is  critical  for 
electron  transfer  not  only  in  solution,'*'  but  also  in  adsorbed 
layers.  The  recovery  of  the  current  when  the  ionic  strength  is 
decreased  shows  that  even  at  increased  ionic  strength,  the 
complex  does  not  dissociate.  The  loss  in  current  response  to 
glucose  at  high  ionic  strength  is  apparently  caused  by  coiling 
of  the  polycationic  redox  polymer  1.'*”  The  coiled  polymer 
no  longer  penetrates  the  protein,  wherefore  electron  transfer 
cannot  take  place.  At  physiological  ionic  strength,  the  com¬ 
plex  of  polyanionic  glucose  oxidase  and  polycationic  redox 
polymer  1  is,  however,  an  effective  electron  relay  between  the 
enzyme  bound  substrate  and  the  conductor. 

Experimental  Procedure 

Glucose  oxidase  (E.C.  1. 1.3.4)  typeX.  catalase  (E.C.  1.11.1.6)  and  NaHEPES 
were  purchased  from  Sigma.  [Os(bpy)>Clil  was  prepared  from  KvOsCl^ 
(Aldrich)  following  a  reported  procedure.  [6]  4-aminostyrene  was  purchased 
from  Polysciences.  Azobisisobulyronitrile  (AIBN)  and  4-vinylpyridinc  were 
purchased  from  Aldnch.  Synthesis  of  the  redox  lerpolymer  I  was  prepared  as 
reported  [1].  Graphite  (HB  pencil  leads  0.5  or  0.9  mm  diameter)  and  pyrolytic 
carbon  disks  (4  mm  diameter)  were  used  as  electrodes. 

A  Pine  Instruments  AFMSRX  Rotator  and  an  MSRX  Speed  Control  were  used 
for  the  rotating  disk  electrode  (RDE)  experiments.  The  flow  cell  was  similar  in 
design  to  a  reported  wall  jet  system  [7J. 

The  electrodes  were  insulated  with  a  heat-shrinkable  polypropylene  sleeve. 
Their  tips  were  then  polished  with  0.3  pm  alumina,  sonicated  in  deionized  water 
for  20  $  and  blown  dry  with  a  stream  of  N-.  A  drop  (4  pL)  of  a  solution  of  1 
(2.6mgmL~’  solvent)  was  applied  to  the  electrode  tip.  allowed  to  stand  for 
4  min  and  then  washed  off  w  ith  deionized  water.  The  enzyme  was  adsorbed  on 
the  terpolymer  coated  surfaces  by  placing  a  4  pL  droplet  of  glucose  oxidase 
solution  (4.5mgmL"‘)  on  the  electrode  surface,  contacting  for  10  min  and 
rinsing.  No  containment  membrane  was  used.  Electrodes  for  the  RDE  experi¬ 
ments  were  polished  and  modified  with  a  redox  polymer  in  a  similar  manner 
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